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ORIGINAL

Aim: We evaluated the relationship between liraglutide and acute pancreatitis or pancreatic cancer in an ongoing post-marketing safety
assessment programme

Methods: Initiators of liraglutide, exenatide, metformin, pioglitazone or groups containing initiators of dipeptidyl peptidase-4 inhibitors or
sulfonylureas were identified in 3 US commercial health insurance claims database (1 February 2010 to 31 March 2013) and followed for a
median of 15 months, We estimated incidence rates (IR/100 000 person-years), rate ratio (RR) and 95% confidence intervats (Q) of new
insurance claims with diagnoses of primary inpatient acute pancreatitis or pancreatic cancer from Poisson regression models

Results: The IR for acute pancreatitis for firaglutide was 187.5 compared with 154.4 for all non-glucagon-like peptide-1 (GLP-1)-based
therapies (adjusted RR 1.10; CI 0.81-1.49). The IR for pancrealic cancer was 19.9 for liraglutide compared with 33.0 for all non-GLP-1-based
therapies (adjusted RR 0.65; 95% (I 0.26-1.60).

Conclusion: We did not observe excess risk of either outcome associated with liraglutide relative to individual or pooled comparator drugs
Keywords: GLP-1, pharmaco-epidemiology, observational study

Date submitted 24 July 2013; date of first decision 13 August 2013; date of final acceptance 29 October 2013

Introduction medical and pharmacy benefits or less than 6 months of
continuous health plan enrollment preceding drug initiation.

Bascline covariates were derived from 6 months of data
preceding the date of drug initiation. Follow-up began on
the day following initiation and continued until the earliest
of insurance disenrollment, claim for acute pancreatitis or
pancreatic cancer (separately), or 31 March 2013.

Acute pancreatitis was defined as a hospitalization with an
International Classification of Disease, 9th Edition (ICD-9)
diagnosis code of 577.0x (positive predictive value 60%) in the
primary (first) position on the claim [6]. Pancreatic cancer was
defined by an inpatient claim with ICD-9 157.x in the primary
position, Individuals with a baseline diagnosis of the outcomes
Research Design and Methods of interest were excluded from the corresponding analysis
reported in this article, but not the surveillance programme.
Recognizing that early claims for malignancy may represent
pre-existing disease, analyses were conducted using all observed
pancreatic cancers after drug initiation and, separately, the
subset occurring more than 90days after initiation. We
estimated incidence rates (IR/100 000 person-years), rate ratios
(RR) and 95% confidence intervals (CI) for liraglutide versus

— individual and pooled comparators using Poisson regression
Correspondence to: Donnie Funch, PhD, Optum, Epidemiology Division, 950 Winter Streel, . . ¢ . :
Sulle 3800, Wallharm, MA, USA models. The primary analysis was an ‘intention to treat
£-mail: Donnie Funch@0plum com design in which initiators of a study drug were assumed
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Liraglutide is a once-daily glucagon-like peptide-1 (GLP-1)
analogue for the treatment of type 2 diabetes. Before FDA
approval, we initiated a prospective surveillance programme
to evaluate potential adverse effects of liraglutide in the
USA. Thyroid cancer is the primary endpoint; however,
acute pancreatitis and pancreatic cancer are evaluated
in the programme. Recent publications have questioned
the pancreatic safety of other GLP-1 receptor agonists
(GLP-1RAs) [1-5], thus we performed this interim analysis on
acute pancreatitis and pancreatic cancer with liraglutide.

In the surveillance programme, we use a prospective cohort
design within the Optum Research Database of national
commercial health insurance claims. Accrual is ongoing
through 2014. Here we report on all adult initiators (ages 18
and over) of liraglutide or a comparator from 1 February 2010
through 31 December 2012, excluding individuals without
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to be on that drug until they experienced a study outcome The IR per 100 000 person-years of acute pancreatitis
or were censored. In addition, we conducted an ‘as treated”  for liraglutide was 187.5 compared with 154.4 for pooled
analysis in which exposed person-time was categorized based  comparators (adjusted RR 1.10; 95% CI 0.81-1.49), with rates
on observed pharmacy dispensings. In the pooled analysis using  for individual comparators ranging from 142.4 for metformin
metformin, three sulfonylurea therapies, and pioglitazoneasa  to 199.6 for pioglitazone (Table 1). The IR per 100 000 person-
combined comparison group, we excluded exenatide and three  years of pancreatic cancer for liraglutide initiators was 19.9
dipeptidyl peptidase 4 inhibitors (DPP-4ls), because DPP-4ls  compared with 33.0 for pooled comparators (adjusted RR 0.65;
and GLP-1RAs have been associated with pancreatic outcomes 9504 CI 0,26—1.60). Observed IRs for individual comparators
in previous studies [7,8). In multivariable Poisson analysis,  ranged from 23.0 for exenatide to 52.9 for the sulfonylureas.
we controlled for age, gender, healthcare utilization and the e results for both outcomes across individual comparators
Diabetes CorPPhc?tlons.and S?verlty Index [9]. We meas1'n:ed were similar. Among currently exposed person-time in the ‘as
hfealthcare _utlhz?non using an md_ex of emergency = v%s%ts, treated’ analyses, the results were similar (pooled comparators:
diagnoses, inpatient stays, drugs dispensed and physician visits, acute pancreatitis, adjusted RR 1.17, 95% CI 0.86-159%
pancreatic cancer, adjusted RR 0.40, 95% CI 0.13-1.28).
Results The median time between drug initiation and initial
diagnosis for pancreatic cancer was 270 days across all drugs;
22% of the diagnoses were within the first 90 days. Initiators of
liraglutide or exenatide had no early diagnoses, while 7-28%
of cancer diagnoses among comparators were within the first

Liraglutide initiators were more likely to be women than
initiators of all combined comparators (54.2% vs. 49.5%);
median age was 53.0 for both groups. Liraglutide initiators had
more baseline claims for overweight/obesity (21.2% vs. 13.1%), i ) ) i
more indicators of diabetes severity (diabetic neuropathy, 90 days following initiation. Accordingly, in a separate analysis,
nephropathy or retinopathy: 15.7% vs. 8.3%; baseline insulin W€ excluded diagnoses during the first 90 days offollow-up. The
use: 28.1% vs. 10.3%), and fewer baseline diagnoses of chronic IR among liraglutide initiators remained the same (19.9/100
pancreatitis (0.05% vs. 0.14%). Baseline healthcare utilization ~ 000 person-years) and for pooled comparators reduced to
was generally higher for liraglutide initiators including total 25.2/100 000 person-years. The adjusted RR was 0.82 (95%
costs (median $3235 vs. $1661). The median length of follow- CI 0.33-2.05), with adjusted RRs for individual comparators
up was 15 months; 29% of the initiators had more than 2 years ~ ranging from 0.52 to 1.06, and none approaching statistical
of follow-up. significance.

Table 1. Association between liraglutide and treatment-emergent primary inpatient* acute pancreatitis and pancreatic cancer relative to other specific
comparator drugs, and pooled comparator drugst— intention to treat.

Adjusted RR,
1R/100 000 liraglutide versus
Person-yearsf  person-years comparator$ 95% CI

Acute pancreatitis

Liraglutide 47 25072 187.5

Pooled comparator drugs, excluding exenatide and DPP-4 inhibitors 472 305 621 1544 110 0.81-1.49
Exenatide (excluding extended release exenatide) 24 13008 184.5 1.00 0.61-1.63
DPP-4 inhibitors (sitagliptin/saxagliptin/linagliptin) 69 40 364 170.9 1.06 0.73-1.56
Metformin 295 207177 142.4 1.14 0.83-1.56
Sulfonylureas (glyburide/glipizide/glimiperide) 101 60361 167.3 1.04 0.73-1.48
Pioglitazone 76 38083 199.6 0.95 0.65-1.39
Pancreatic cancer

Liraglutide D 25114 19.9

Pooled comparator drugs, excluding exenatide and DPP-4 inhibitors 101 306,064 33.0 0.65 0.26-1.60
Exenatide (excluding extended release exenatide) 3 13 036 23.0 0.84 0.20-3.52
DPP-4 inhibitors (sitagliptin/saxagliptin/linagliptin) 15 40 424 37.1 0.71 0.25-2.00
Metformin 55 207,458 26.5 0.81 0.32-2.05
Sulfonylureas (glyburide/glipizide/glimiperide) 32 60 443 52.9 0.40 0.15-1.06
Pioglitazone 14 38163 36.7 0.49 0.17-1.41

IR, incidence rate; CI, confidence interval; RR, relative risk.

*Both outcomes are identified by primary inpatient hospital claims only. Individuals with baseline claims for acute pancreatitis or pancreatic cancer were
excluded from the analysis for that outcome. :
tFollow-up time for all initiators of the six study drugs/drug combinations began on the day after they initiated the study drug(s) that defines their cohort.
Follow-up ended on the earliest of the following: disenrollment from the health plan, primary inpatient claim for acute pancreatitis /pancreatic cancer or
31 March 2013.

tPerson-years vary slightly between the calculations for acute pancreatitis and pancreatic cancer because follow-up time is truncated at the occurrence of
the event.

§Factors included in the Poisson regression equation include age, gender, healthcare utilization and Diabetes Complications and Severity Index.
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Conclusions part of these data were presented at the NCI-NIDDK workshop
on Pancreatitis, Diabetes, and Pancreatic Cancer on 12-13
June 2013. We thank Betsey Gardstein and Heather Norman
(Optum) for data analysis and David Dore (Optum and Brown
University) for review.

The IRs of health insurance claims representing acute
pancreatitis or pancreatic cancer among recipients of liraglutide
were similar to those among comparators. The findings for
acute pancreatitis are similar to estimates from insurance claims
analyses regarding exenatide [4,5,10].
The use of large insurance claims databases permits the Conflict of Interest

rapid study of large numbers of patients under routine care.  p g isan employee of Optum. K. A. C. was an employee of
However, some limitations exist in our analysis regarding Optum at the time this work was done. H. G., A. M-P. and K. T.
outcome ascertainment. The median follow-up time for the .. employees of and hold minor portions of employee shares
study subjects was 15 months. While the length of this period  j, Novo Nordisk A/S. D. F. participated in the design, conduct,
may be sufficient for acute pancreatitis, it may be inadequate analysis and writing, H. G., K. T. and A. M-P. participated in

.for t.he long-latency outcome of p'anc.reatic e These  the writing, K. A, C. participated in the design, analysis and
interim results are based on un-adjudicated diagnoses and writing.

the IRs for both outcomes are likely overestimated. Up to
40% of individuals with a primary inpatient diagnostic code
for acute pancreatitis will not have a confirmed diagnosis [6]. References
The accuracy of claims-based pancreatic cancer diagnoses is

unclear, Limiting to primary inpatient claims is intended to ! ‘ ) IR "
reduce misclassification resulting from ‘rule out’ diagnosis or peptide 1-based therapies and risk of hospitalization for acute pancreatitis
8 & in type 2 diabetes mellitus: a population-based matched case-control

prior history of pancreatic cancer. _ _ study. JAMA Intern Med 2013; 173: 534-539.
Patient attributes may impact the choice of specific therapy.

For example, latent pancreatic cancer may affect glycemic

1. Singh S, Chang HY, Richards TM, Weiner JP, Clark JM, Segal |B. Glucagonlike

2. blashoff M, Matveyenko AV, Gier B, Elashoff R, Butler PC. Pancreatitis,
pancreatic, and thyroid cancer with glucagon-like peptide-1-based

contro.l an'd result i%’l the .initiation of newer antidiz.ib'etic therapies. Gastroenterology 2011 Jul; 141: 150-156.

therapies, 1nch.1d1ng llraglutld'e 1 1_]' A]te:rnatlvely, Physma.ns 3. Butler PC, Elashoff M, Elashoff R, Gale EA. A critical analysis of the clinical

may be .le.ss hkel'y to prescribe hraglutldle to patients with use of incretin-based therapies: are the GLP-1 therapies safe? Diabetes

pancreatitis, a risk factor for pancreatic cancer, because Care 2013; 36: 2118-2125

concerns have been raised. Physicians may also monitor users 4. Dore DD, Bloomgren GL, Wenten M et al. A cohort study of acute

of GLP-1RAs more closely for these outcomes [ 12], although we pancreatitis in relation to exenalide use. Diabetes Obes Melab 2011 Jun;

observed no claims for pancreatic cancer in the first 90 days of 13: 559-566.

follow-up of liraglutide relative to comparators with up to 28%. 5. Romley JA, Goldman DP, Solomon M, McFadden D, Peters AL Exenatide
Other methodology issues need to be considered in therapy and the risk of pancreatitis and pancreatic cancer in a privately

interpreting these interim findings. There were differences insured population, Diabetes Technol Ther 2012 Oct; 14: 904-911

between liraglutide initiators and comparators on several 6. Dore DD, Chaudhry S, Hoffman C, Seeger JD. Stratum-specific positive

baseline variables. While attempts were made to statistically predictive values of claims for acute pancreatitis among commercial health

control for some of these differences, residual confounding may insurance plan enrollees with diabetes mellitus. Pharmacoepidemiol Drug

remain. We found similar results using the ‘intention to treat’ 5af 2011; 20: 209-213.

and the ‘as treated’ approaches, although the ‘as treated’ analysis 7. Gier B, Matveyenko AV, Kirakossian D, Dawson D, Dry SM, Butler PC.

may have greater residual confounding because, while exposure Chronic GLP-1 receptor activation by exenden-4 induces expansion ol

pancreatic duct glands in rats and accelerales formation of dysplastic
lesions and chronic pancreatitis in the Kras(G120) mouse model. Diabetes
2012; 61: 1256-1262

8. Butler AE, Campbell-Thompson M, Gurlo T, Dawson DW, Atkinson M, Butler
PC. Marked expansion of exocrine and endocrine pancreas with incretin
therapy in humans with increased exocrine pancreas dysplasia and the

status was updated through follow-up, covariate status was not.
Similarly, the ‘as treated’ analysis more strongly assumes that
discontinuation of treatment is comparably prognostic for
liraglutide and comparators, which is difficult to test.

In summary, we observed no increased risk for acute

pancreatitis or pancreatic cancer in association with liraglutide potential for glucagon-producing neuroendocrine tumors. Diabetes 2013;
treatment. Future analyses within this data resource will be 62: 2595-2604

based on large¥ cohorts, more fOHOW.‘“P time, and adjudicated 9. Young BA, Lin E, Von Korfl M et al. Diabetes complications severity index
outcomes of interest (through review of medical records). and risk ol mortality, hospitalization, and healthcare utilizalion. Am |
Analyses will consider actual treatment patterns in more detail Manag Care 2008; 14: 15-24,

and explore multiple drug combinations. 10. Garg R, Chen W, Pendergrass M. Acute pancreatitis in type 2 diabetes

treated with exenatide or sitagliptin: a retrospective observational
pharmacy claims analysis, Diabetes Care 2010; 33, 2349-2354

Acknowledgements 11 Horwitz RI, Feinstein AR. The problem of “protopathic bias” in case-control
This study was funded by a research contract between Optum sludies. Am ) Med 1980; 68: 255-258

and Novo Nordisk A/S. The contract grants Optum oversight 12, Raschi E, Picanni ¢, Poluzzi E, Marchesini G, De Ponti F. The association of
of the Study conduct) reporting and interpretation’ as we]_l as pancreatitis with antidiabetic deg use: gaining iﬂSIgh[ th[OUgh the FDA

final wording of any resulting manuscripts. Analyses based on pharmacovigilance database. Acta Diabetol 2013; 50: 569-577,

Exhibit 21 - 254



EXHIBIT 22

Exhibit 22 - 255



Chronic GLP-1 Receptor Activation by Fxendin-4 Induces Expansion of ...
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Dicheres; May 2012: 61, §; ProQuest Central
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ORIGINAL ARTICLE

Chronic GLP-1 Receptor Activation by Exendin-4 Induces
Expansion of Pancreatic Duct Glands in Rats and
Accelerates Formation of Dysplastic Lesions and Chronic
Pancreatitis in the Kras®'?” Mouse Model

Belinda Gler,! Aleksey V., Matveyenko,' David Kirakosslan,' David Dawson,®? Sarah M. Dry,”” and

Peter C- Butler'?®

Panereatic duct glands (PDGs) have been hypothesized 10 give rise
10 pancreatic imraepithelial neaplasia (PanTN). Treammenr with the
glucagon-like peptide (GLP)-1 analog, exendind, for |2 weeks
inducexi the expansion of PDGe with mucinous metaplasia and
eolumnar rell atypia resembling low.grade PaniN in rats. In the
pancreata of Pdxl-Cre; LSLKras'* iler, exendind led to ac-
celeration of the disruptivn of vxaetie arclitecure and chronic
pancreatids with inacinous metaplasia and increased foruation
of murine PaniN lesions. PDGs and PantN lesions in rodent and
luman pancredld rxpress the GLP-1 receplor, Exeoding inducer
pruptolifetative sigrialing pathways bl paercatic duct 5y
cAMP—prolein linase A and nitogen-activawdd protein kinase phos-
phorylaton of cAMP-responsive element-binding protein, and In-
creased eyclin DL expression. These GLP-1 elfects were more
prononneed in (he presence af an activating nutation of Kras and
were inhibited by metformin, Thes- data reveal thal GLP-1 minelic
therapy 1y induce focal proliferation in the exocrine pancreas
and, in the context of exocrine dysplasia, may secelerale formation
af neoplastic PanlN lesions und exacerbate chronic pancreantis,
Dinhetes 61:1250-1262, 2012

lucagon-dike poptde (GLP)-1 is a proglicagon-

dirived peptide secreted by gut endocrine cells

(L eells) in respunse Lo ol Ingestion (1) The

GLP-1 reeeptor (GLP-1R) 8 3 G-protein-coupled
recepior thal is exressed in pancreatic islets and exocrine
duct cells (2,3). The increased GLP-1 released afier meal
ingeslion amplifies postprandial nutrient-driven insulin
secretion, the so-called incretin effect (4) Based on this
property, GLP-1R activalion became an aitractive thera’
peutic target for lype 2 diabetes mellitus (T2DM).

To overcome the short half-life of circulating GLP-1 that
is rapidly degraded hy dipeplidyl peptidase (PP (5), two
strategies have been used in drug development, Oral DPP-4
small molecule inhibitors, such as silagliplin, prolong the

From U sy L Pl e Hesearsh Centin, Divendty of Calfnnia Los
Angrhes {UCLAY, D Gaeffenn Sacbuot of Meiclne, Los Angebes, Californie
et *heysartrment of Pathodogy and |abuorstory Merbeine. 1CLA, Tkl (edfen
sehool of Medoine, Lo Angeles, Calfornla; and e Jotsson angircten
s Uanewr Conter, TR, David Lielen Sehool of Medlebie, Los Angees,
( alifornii
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half-llfe of endogenously secreted (GLP-1 (6). Altermatively,
GLP-1R peptide agonists given by injeclion, such ay
exenalide (7) and liraglutide (8), are resistant to DPP-{
degradation.

Pancreatitls emerged as an unexpected side effect of
GLP-1-based therapy In case reports (8,10), and In the U.S,
Food and Drug Administration adverse-event reparts,
liragiutide and sitagliptin showed a signal of pancreatitis
(11-13), although analysis of insurance claims records
have heen repnred tn show nn association herween GLP-
|-based therapy und pancreatitis (14). Because the human
pancreas is inaccessible in treated patients, the question
as (o whether GLP-1 mimeltic therapy acts on the exocrine
pancreas has been a subject of animal-based studies.

Pancreatic duct cell proliferation Increased transiently
with a GLP-1 infusion in Wistar rais (15). Sprague-Dawley
rats treated with exendin-4 for 12 weeks developed low-
grade chronic pancreatits (16). Furthermiore, DPP4 in-
hihition with sitagliplin for 12 weeks was assaciated with
increased pancreatic duct cell replication sitd acinar-to-
ductal metaplasia and, in 1 of 10 rats, chronic panerealitis
(3). However, GLP-1-based therapy also has been reported
1n not exacerhale chemically induced panereatitis in mice
(17). Also, exenatide was reported to have no effect on
duclal tumover in mice or rais, as well as 10 have a ben-
eficial action in chemically inducvd pancreatitis (18).

Pancreatic duct glands (PDGs), under condilions of
chranic injury, such as chemically induced pancreatitls,
may give rise 10 lesions resembling pancreatic intraepithelial
neoplasia (PanIN) (18). To date, there is no inflormation on
the actions of GLP-1-based therapy on PDGs or the de-
velopment of PanIN in pancreata predisposed (o dyspla-
sia, Ilere, we sought to address the following questions.
First, does chronic activation of GLP-1Rs by exendin-4 Jead
w proliferation of the PDGs? Second, 18 GL IR expression
present In PDGs and PanINAlke dysplastie lesions? Third,
does chremie activation of GLI-1s alter the phenotype of
Pelx 1-Crv; LSE-Kras™ Y (Pelx 1 Kras) mive?

RESEARCI DESIGN AND METNIODS

Rodent studles, All anlmat stwlics wrre npproved by the anima) use and care
commiltes at the University of Califuniia Los Angries (UULA). Anlmals wer
housed! indivichally in 8 12h Ught/dark cyele and were weighrd weekly 1o
adjust drug doses, [300d glucose and foud tnlake were monitored un & biwrekly
hasis,

Sprague-Daurley rata trédted with exendin-3. To vstaliish the aclons of
GLY IR pelivotlun in the chorrine pancrras, we trealed 10 male Sprugue
Pawluy rats {(Chaies River Laboralorivs, Wimingum, MA) with daily injechiois
A 10 pg/kg body wi exendind (ChomPep, Miaml, FL) adminisiersd by sub-
culaneans uiecunn for 12 weeks starfing at 10 weeks of age (20). Aninak
were fod chow (Teklad; Harlan Lahomtarics, Mudiyon, W1} ad libitum. A lotal

diabele d -« tryoumals org

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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0. GER AND ASSOCIATL:

#f 1F cuntrod rats recelved daily saline injections, We tid aot ldenufy PIGs in
fi of 10 conrols; therefore, these 5 rats were aot inclurled in subsequent
analyser PGS were Wdendied in all uvsted ray

Paxi-Kras mice treated with exendin-y. To invesugale the effect of
chreniiv GLI%D whmetie ireatment on pancreatic cancer precwsor lesions. the
vondluanal Krs' 2" from Ilingorant el al. (21) was uséd. Expenmental ani-
mulk were gencrale] by erossing Pax1-Cre with 1SL-Kras"' " mice on a €57/
118 bawkground (both glis of Gudo Elbl, UCLA). Mice (6 weeks old) werre
fil an AIN-T6A-hasel et (Reserch Dlits, New Brunswick, NJ) ad libium
for 12 weeks, during wlikeh vither saline (r = 7) ar vxendin-1 {5 nmolkg body
wi) (1 = B) was hgecteil silwutaneously dally.

Pancrean fixation, cmbedding, and sectonlag

Rat panceran, Afler the rels were Kilka, the rat pancreala were ropidly
usectenl and then divided nlo 1wo portion (Uw brisd and body of the pancreas
anil the tall of the pancreas). These were Axed in 4% paralonnudehyde

Histologica) analysi of chronir pancrestius and murine PaniN (mPanIN)
lestons in Pdx|-Kras mice: Full hisologic cruswsxtions of cwch panerres
were stalned with hematoxylin and esin for hisipatlmkogic examination by two
suhspeclulty astroinlesinal pathologists (L1, and S.M. L) blinded 10 treatnent
condiions. Chronic pancreatitls was graded uwsing a seniiquantilative seoing
system, as previously described (Z3). with shght mndification Chronic pan-
creatills was given an index aeare ((-12) refieching the sun af scores for
acinar loss, lobular inflammation, anil {lbrosis, Avinar loas was hased on Lhe
pervenlage loks across fhe entite crossseclion and graded as U, absent;
1 =459 2, 20-60% 3. 51-76% and 4. >75% Inflammation wan based on the
average number of lobular Inflanunatory cells per 40x high power field (IIM'F)
(a5 cowter] in 10 nonoverkapping 11iFx) and graded as 0, absent; 1, 1-30 rells; 2,
1A cells; 3, Bi-10 celis: and 4. > 100 cells Fibrrls was based on the cu-
miulative area of suonial Hbrosis arross the entire paacTeas and graced as 0,
absent; 1, |- 2, G-10%; 3, 11-208 and 4, >20% fibroels, Duet profiles were

overnight 81 4°C anel emibiciledl b paraile, orented flal w penmbl !
mirmscopie kertons 1 be made through the longimdinal plae of te pancreas.
The blor rentaliung the hesd and body of the penenvas was sectoned at 4 pm
intervis 10 olxain 2 nuninion of 4 sectinns through The ongitadinal plane of
the panrTPR| A nuninwin of i serial sections were ohiained per hikock from Lhe
tndd ol the prncress,

House panereas, Sucersuful eacisionreenmblnalion evenls were cmtirmed
by genityyiag malysis  Trassnetyx, Cordova, TH). Ihrdfunaatiehyile ixed,
pardin et dded pancroatic sevtions (4 wm) of whole pancress were slakned
o below

Human pancreas. PunafMinembedided trsue blocks of nonneoplastic human
pancersa adjacent 1o surgh'.’ul) resecied pancrealle adenocarcinoma were

selected from | bjocts feem te CLA arrhives. All slides and
S hhocks wert: trivved wer histitutional ceview board spproval (no. 11-
WH724).

Pancreas hlatology and stabns. Tissue sections fmin rats and mire were
tleparafMytized in Lotuene aml rebydrated inoan ctinol graient. Finl, woluns
werr sained In Tlarms hematoxylin soluton (111516: Sigma) and eosin ¥ so-
tation (IITOOIA2 Sigma) o evaluse goneral histolugy, PDGs were defined
basend on U previvusly desceliast cieria (1) (Fig. ). Beciions were Stalned
by Alelan blus (Electron Microscopy Sclences) and jranunosalleylic acld
(I'AS) (Sigma).

For hemiica) il slaliung, antigen retrieval was
pertormed via microwave heating in citraie hudTer (H-3300; Vector, Burlingane,
 A).and slices were blocked in TrisdufTered saline (6 bovine serum elbumin,
0.2% TX-100. an 2% bovine serum) for 1 h, The (ellowing primary unibodies
wers used for the 12:h Inculiation (4°CY: durtal cell narker cytokeralin (mouse
ant-praiyiokeratin, 160 [Sigma] or ral angl-cytokeraunl &/ TROMAIIL, 1:100
{Iiybridoma Dank, Unlyersity of Juwa, fuwa City, A5 acuar cell marker
amylase (rubhll antlaniyiase, 1:300; Abeam); proliferation marker anti-KI-67
(1:0; Duko, Carpinieris, CA); € 1R (rabhli anti<huinan GLI-1K, NLS1206,
1'160; Nuvuy Bologleals, Littelon, CO); and panceeatic end duodenal
hesmeohox.] {Milx:) (rebhil anti=Pdy-1, 1500 A-Cell Rinlogy Cansortiom,
Nashvllie, TN). Validation of the GLI-JR anusera, NLS 1200, was published
previously (£2). Secondary antiuxdes loheled with ¢'yd and Auaresceln iso-
Ihlcarympate wans nbiainer from The Jackson Laboratorivs (West Grove, PA)
and user) aullutlons of 1; l00 for the |-h incubation at rmom temperature,

For henslesl slaining, aclvity waa
quenched with 1% methanal, 10% 14505 I T dnuflorvd sclin, fislsivest by
inrubstion with anti-Ki67 (Mutlon 1:100, Dako) fur 12 h (4°C). Subsquent

valualed according Lo conSensus Rui for the hislologic
evaluason of mPand N (24) aid yuanufied as previvusly descrilnd (26). Al duct
profiles in one full pancreas crosssection were evahaled (10 deiermine the
relatlve propartians of pondysplasiic (normal, reacdve, e melaplastic} slucs
art earh category of mPaUN ksione The projorton of earh ml%aniN kssion w
the overall pumber of duct priiles was recorded for each anlmal

Duet cell replication frequency. ‘I'o determine the frequency of rephication of
PG vells rkl cedls In the awlacent wem ducts n due lual uf e pasereas
rals, we quantified the percentage of KHS7-posithve cells. Thus, the totad nimber
of dluct cells {the head of Lhe pancreas) evalialed was 57,201 In exendin-+—
Lreated rats and 01,208 n conuuls, We ulso evaduaind the frequency uf duct cell
replication In the sections of the tail of e pancreas immunnstained for cyto-
keratin and Ki-G7, The Iotal number of duct cells evalaled from the Wil was
24,18 in exendin-d-treated rats and 10,706 In conuole.

Duct cell repllcation in pancreata from Pix -Kras rure also was analyzed by
Kii7. The extensive acinar-lo-ducial nielap and frequent thicla)
Islutes i GLIi=taveaied Pdxb Kras ilee precluded distinguishing replicabon
frequency in ihw various compunent of the ducial compariment (PDGs end
normal and dysplastic duets) Slides were analyzed ising the Ariol L0 an
lomated sllde scanner (Leira Micomystenis) 1o guaniitate Us nmonint of
poaltive stalning far each area of interest sonkaining only ducts and dysplastle
ductal tissue. A tota) number of 121,843 (contrul group) and 11,8 {pxendin-
4Urated group) cells were analyzed
GLP-1 uetions on pancreatle duct cells, In vitro experimenty were carried
DUl 10 investigate the efferts ul exendin-d on human pancnatic duct epithellal
(HPDE) celis (26,27). 1IPDE celly (kindly made svuilable by Dr. Ming-Sound
Tsap, Upiverslty of Tarantn) were mainiained in kerslinocyte senineiree
media supplemented with bovine pitwitary exuscr and human epidermal
growth factor (Invitregen) Bt 37°C with % COy. IIPDE rells russifeered with
the empiy vector (pHahepum) (HPDFRP) nr with ancogenic phil- KradA™'&
{JIPDE-Kras) also wete usedl (0 permilt the assessment of GLIMIR saivation in
the presence of an activating Kras muation.

Tu assexs the effect of pxendind (10 nmnlLY on the plnsphnrytation af
CAMP-responsive ¢lement-bliding (CREB) proweln aml the mlogen-activied
prolein kinases (MAPKs) extmcellnlar signal-relaled Knase (ERK) 172, as well
as levals of the cyclin A and DI, 00,000 cells were seeded n six-well plates
containing voipiele Toediun. AL =T conflvence (day 3 afler platlag), cells
were fAised with PRS and Ineubaled in starvaton medum {lacking bovine
pitullary extracl and human vishbormal grineih tactor) for 210 h, 1IPDE cells
|u||\allllng either a coptml plaserdel (pllalepraro; HPDE-PBE) or e mutaled

deteetdon was perfurmed with Envisions antl-rabbit dish peroxidase
(ake), with i1*,3" dianvinohenzidine used as the chromogen and henaloxylin
B the Countersain,

Ukewise, secting of human paincreata were stalned with hematoxylin and
eosin. Alcian hlue, wid PAS In arder 1o pemiit the denlifiation of PRGs and
PunN lesdonn. SevUnns sdjacent 1o those wilh PRGs and PeniN icsiony also
were stained by immunofluorescenee for ~ytokerslin and for GLP-IR (the same

antitdies and diliuon as sbove).

Morphometric analysis of the pancreatic doct gland compartment in
rata. The slide with Uwe greatest number of PD43s per animal was selecied for
quanitanve analysis, Slides were digrally scanned in the UCLA Transiatonal
Puthilogy Cone Laborutary using an Aperio Scansicope XT (Apvriv Tecnol
ogles, Vista, ('A) Quaniitative anatysis was perfonned 1sing Aperio Scansrope
sl The leagth uf e Lage duet essociatal whth FIGs and Uie inean
erosisaectional arvs per PDG were measured in each case. PDGs in the exendlo-
Sorrvated rais oflen showed conplex eplthedial architecture, ieluding eribifurm
paens wrl peikngiitlar, co with vpidielial protifirstion, The duis
ramiiulning this complex X epihelial architeetire appeare) more diiated. To
puanuly If ductal dilanon wes present, we measured Uie longest axis of the large
dlucis presend (Gt Tegh) and tae loner clreumderencoe of the duct lumei, This
allowsd uy Lo compule 8 rao (inmer duct Jumingl eircumference to duct length)
for each animal

Apmbartey (il iganinig i

PBP-Krust ¥ (2539) were pretrmated with 100 wnwl/L nwiformin
far .10 nin. For stimulalion experiments, exendin-d was addwd in fresh, pre-
warmed starvation mediun for the Indicated fune points: Stimulatlon then was
stoppedd by adding ire-cold PBS, and HPUE cells were lysed in lysis hufTer (5
mamoVL llepes, 1% Nondet 140, 2 niunbL Na, YO, 100 mmol/L NoF, 10 mmioVL
Pyr0,, 4 nunobL EDTA, t mmol/L phenylmethylsuifonyl fluoride, | ug/ml
leupeplin, and | ug/mL aprotinin). Proteln samples were denalured by hoiling
at 06°C for i nun, separated un 4~ 126 Dis-Tns NUPAGE gels (2640 pglanc;
bivitrogen), and blofted onto 8 polyvnyldene fuonde menbrane (Fluors-
Trans; Pall Lile Sitences. Ann Arbor, MI). Membranes were probedt with the
folkoming. pibivary antibodles (olluton for all BLOME bl and-CTEN
SURED, bt wet b EHELASREIK LY (both Cvl Stonaling); bl anth eyelin A
s il syl 11 (hoth Sants Crar), ANer incebation with horsenidish
prtuzitlase—cujugated scombary antilnady (LHOXE Thae Jusksan Ladnraio-
o), proteins were visualized using enhanced chemilimineseence (Millipore),
and levels were quantifled using Labworks salware (UVE, Upland. CA)
Analydeat provedures, Pl glutuse convnuadons were uwasured by Ow
glucose oxidase method 151 Glucose Analyzer, Yellow Springs, OM)). Plasma
lipase coneenlrabons werr measinesd by a colorimetric enmyme assay (BioAssay
Sysiome, Naywaid, CA).

Statlslical analysda. Sutstical analysis was performed using the Siudent
113t ur ANOVA, whene eppropriate (Statisuea, verskon 6; Sitsof, Tubsa, OK)

gl
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GLP1 AGTIONS OM THE EXOCRINE PANCAEAS

FIG. 1 The extent nd freg y of PG the
head of the pancroas frum o untested control i (4 ] and s
dlany the mals le diet, PIMGs wore Mured 100 Ly rivehy In rortrule bui, aher avendin-d, wx.
od 1o LK exten] that they projected knto the lumen of the pancreaus dect as comples villous-like struciures. A and £, insets: PDG cells were
ralumaar in comparian with the cuboldal doctal relln snd included gobleilike rolls (arrowhesds). B and 5 PDGa contsined mdels confirmed by
Alelan blue and PAS atalning. D In contraal to duct cells, PIHD celin nlso expreased Pea-l (red; combined stalning with the durt eell marker
eytokeratin [CK| In green). £ PDUs were nore comnon In exendin-d-treated rats (Table 13, F=H: In sddition, the epithellum ofien showed
e udosUaLBCAton v petudipapiliary featiees, which are fratures charsctorisle for PaniN-like lewlons. Sralr bard = 200 #o (A wnd £) and 100 pr
(B=02), and magnification *20 (#-4) (A highquality digital regresentation of this ilgure (o svallable in Lhe online lasue, )

'l wuaka duri are by -4 v rwis Sectlons from the
v 12 weeks of dadly eacidlu-d h?hm“l.ntch In which PDG clustern wrre ldentified
" ding the ma

iunvete s b tegonimals e
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Dutn in grepha and tables wre presented sa means * SEM Findings were
sssumed stalistically significant al # < 0.06.

RESULTS
Metabolic actl £ din-4 in rats, Twelve weeks
of doily et icipated effects of
decreasing welght gain (68 = 8 vs, 164 = 6 g P < 0.001
din4 ve. 1) and blood gl levels (89 £ 2 vs.
108 + 4 mgidl, P < 0.01 exendind vs. control), As
expected, exendin- decreased datly food intake (163 = &
vs. 24 = b mg/day; P < 0.001 exendind vs. control), but
the treated animals did not seem (o be in any apparent pain
or distress (Supplementary Fig. 1).
Effects of exendin4 on exocrine pancreas in rata.
Pancreas welght was comparable in the réated versus
control group (2.3 = 0.1 ve. 2.3 = 0.1 g exendind vs.
eontral). However, relative to body weight, pancreatic
welght in exendin-i-treated animals was increased (0.63 =
0.02 vs. 0.43 = 0.02; P < 0.01 exendin4 vs. control)
(Supplementary Fig. 10}

There was no histological evidence of pancreatitis in
either the exendin- or control group. Consistent with this,
lipase activity was not changed by exendin4 (330 = 10 vs.
200 = 11 unitsls exendin4d vs. control) (Supplementary
Fig. 1E). However, exendin+ did induce a marked ex-
pansion of the PDG compartment (Fig | and Supplemen-
tary Fig. 2). PDGs were identified, as previously described,
a8 blind outpouchings from pancreatic ducts present
in the mesenchyme surrounding the ducts. PG cells were
further distinguished from main duct cells by frequently
being columnar rather than cuboldal (Fig: 1A and E
insels) and mucin positive (Alcian blue snd PAS stains).
PDGs abso expressed Pdx-1 (Figs. 1B-D). There was an
~709% increase In the number of PDGs per unit of length of
the main pancreatic duet following fin-4

TABLE 1
Analysis of the PDG compartment
Control Exendin4

Number of PDGs/mm main duct 31 x4 B2z T*
PDG area (pum?) 910 = 46 1,184 = 102*
Main duct lining-to-length rtio 27 +03 5.0 = 0.2t
To evaluate the extent of the PDG compartment in treated and con-

fnimals, the PDG §ons from the

we ¥

head of the pancress from 10 anbmals in cach group (lhstrated in
Supplementsey Flg 2). The number of PDOs per millimeter of main
duct (Arst row) & the averege size of a PDG (second row) revealel
a marked expansion of the FDG compartment after exendin treal-
ment. Furthermore, the main duct appean o be dilated) because the
ratlo of main duct lining to length was increased in the treated group
(third row). *P < 0.06. P < 0.001.

frequency of replication in the main pancreatic ducts was
much lower than that In the PDGs but still increased
twofold by exendin-{ treatment (5.9 = 1.8 vs. 2.7 = 0.6
P < 006 din-4 vs. control). 1, there was no
statistically incressed frequeney of duct cell replication
with exendin-4 treatment in the small ducts of the tail of
the pancreas (0.62 % 0.17 vs. 0.42 = 13% P = 0.4 exendin
vs. cantrol).
Actions of GLP-1 mimetic treatment on the exocrine
pancreas in the Pdx1-Kras mutant mouse. In Pdx]-Kras
mice, 12 weeks of exendind treatment had no impact on
weight (232 = 1.2 vs. 268 = L7 g), food [ntake
(181 = 0.7 va 187 = 0.6 g per week), or blood glucose
levels (83.0 = 3.4 vs 764 = 3.7 mg/dL) when compared
with Ittermate control mice. However, GLP-1 mimetic treat-
ment Increased pancreatic welght (L1 = 0.1 v 07 £ 0.l g
exendin< vs. control) {Supplementary Fig. 3).
While overall lobular architecture was preserved in both
imal groups, the exendin-4-treated anlmals demon-

(62 % 7 vs, 31 = 4 PDGs/mm main duct; P < 0.06 exendin4
va, control) (Table 1), Moreover, the mean ¢

area of individunl PDGs still confined within the miesen.
chyme around the ducts was -30% increased by exendin4
treatment (1,184 = 102 vs. 810 % 46 pm®; P < 0.06 exendin4
vi. control), & consenvative estimate given that the expanded
PDGs adopt a more coiled structure as previously de-
scribed (19), The latter evaluanon akso likely underestimates
the extent of the exparsion of PDGs In exendin--treated
rals because in many cases thie PDGs also expuuded into
the duct lumen with a complex cribrif and papillary
architecture, To account for this, we quanl the extent
to which the main duct lumen was convoluted by any
Intraluminal projection by computing the ratio of the cir-
cumference of the inner duct lumen to the duct length,
a metric that was ~36% increased in exendin-4-treated
animals (5.0 = 0.2 vs, 3.7 £ 0.3; P < 0.01 exendin- vs.
control). With exending, the epithelium also showed
veriable nuclenr pseudostratification and loss of polarity,
as well as micropapillary architecture (Fig. 1F-H), his-
tologic features that can be associaled with PaniN lesions
wnd dysplasia when observed in human pancreas, although

strated more extensive chronic pancreatitls with greater
Joss of acini with replacement by reactive or metaplastic
duct profiks (Fig 3). The percentage of pancreas com-
posed of acinar tissue was decreased by 61% by exendin-4
treatment (3.0 = 136 v T36 = 146% P < 0.06 exendin.
4 vs. control). These changes were accompanied by in-
creased inflammation, more extensive stromal fibrosls, and
widespread reactive and metaplaste changes, as deter-
mined by puncreatitis score (10.0 = L2 vs. 8.6 « 0.8;
P < 0,06 exendin vs. control). The plasma lipase activity
also was increased with exendin (1,020 * 164 vs. 678 =
34 units/L; P < 0.06 exendin- vs. cantrol) (Supplementary
g 3). In parison 0 control andmals, treated anlmak

showed mure extenalve acinar-toductal metaplasia with
replacement of acini by ductules lined by mucin-producing
cells primarily with small, round basally oriented nuclel
without features (mPanIN1) A minority of the duct
profiles demonstrated increased nuclear hyperchromasia
and pleomorphism with stratification and micropapillary
changes (mPanIN2 and mPandN3) (Fig. 3) Moreover, GLP-1
mimedie induced | d duct cell proliferation
(P < 0.06) in Pdx1-Kras mice when compared with control

Trral:

the implications in ral pancreas are n. No car-
cinoma was seen. Collectively, these findings confirm an
Increased number of PDGs and expansion of the epithelial
cell compartment of both PDGs and large ducts in re-
sponse to exendind treptment

The frequency of POG cell replication was fourfold in-
creased in exendind versus control mts (14.6 = 3.9 vs.
3.8 = 0.9%; P < 0.05 exendin4 vs. control) (Fig. 2). The

AT R

(Fig. 4).
GLP-1R expression in PDGs and PanIN lesions, GLP-
IR P ion was Ant ._nlnr P B-CE[IBh
rat and human pancreaws, servlrﬁ;a apesitive contrul (data
not shown). GLP-1R expression was present in PDG cells
in both rodent and in human pancreas (Fig. 6). GLP-IR ex-
preasion was not detected in pancreatic acinar cells. GLP-1R
expression also was abundantly present in mPanIN lesions

TUABRTEN YO0 11 MaY (312
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F1G. 2, PDG cell replication s incream-d by exendin-4 urvaunent In rets, The frequency of er by Ki-67
colabeled MIJl cytokeratln |[CK] in green) was Increased in PDGs compared with adjacent duct celln ('Iumen of the lnr]v duct) kn Loth mnu—nl (A)
and o L led (D) rata, ¥ showed withla e PDGx In control (C) s well a8 exendin-4-treated (D) animals,

E: However, both the abandance of PINis and the frequency of replicatlon were Increased by exendin-d {reatmenl. Exendin-4 also increased
replication In maiz duct celis but not In the duct cells bn the wil of the pancrras. [, vontro) (Corl); @, racndin-d (Ex). *P < 0.03, ncale barn = 100
am. (A high-quality digital representation of Lhls Aigure bs avallable In the online lvsue.)
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QLE ACTIONS ON THE EXOCRINE PANGREAS

o

Ki-&7 positive cells (%) m
-9

Ctrl  Ex
FIG, 4. Duct rell repllnunl t‘.mutm, nlmrrnn i the pancreas of rxeodin4-treated Pdxl-Krss wlee. Imnooohistorbembcel labeling of Ki-87-
positive eells { brown: Uit} I benltn ducts in wreng of intact scinar thane in contrnl mies (A ) sl exemdind treaied

mbee (8. An nrem of duetal ml.ll:rm.hn tn&ﬂ”ﬁlln Mbrotlc Usene shows an [orrease in Ki-07-poaitive cells In the exendin-i-treated grovp (1)
compared With conLrols | ), Note the umncr of proiiferstive ducts and mPaniNLa beslon in the exendin-4-treated Ralmal. £ £: Analysls of duct cell
proliferstion by Ki87 reveals an b In Pdxl Kras mice treated with exvmidin d {Fu; B mnurl-d with vehiche

rontral (Crel; [J). *°P < 0.05. (A llsh-qumy dwm representation of this Hure is svaitable in the online lasur. )
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K1 DAPI

“

R

TG, 5. GLF-LK ex

(red) wa unofisorsscence with cor

by b
I bige. B: Foloralisation of GLP:1R and cytokeratin ls indicated bn the merged lmages by

appareal ln PIN Lo doet cells bn the b
online mue.)

in the pancreas of Pdx1-Kras mice and humans (Fig. 6).
GLP-1R was also detected in areas of acinar+to-ductal meta-
plasia py well as mPanIN leslons in Pdx1-Kras mice (Fig. 64
and B). In humans, cells with a columnar phenotype had
promi GLP-IR expression. For ple, immunureac-
Uvity was present in PanIN1 lesions but only was minimally
detected in adjacent cells with normal cubotdal pancreatic
duct morphology In the same duct (Fig. 6C). In 6 of 10 hu-
man pancreata, GLP-1R expression was delected In a vari-
ety of ductal lesions (PaniN1a to PanIND) (Fig. 60 and E).
Actlons of exendin-4 treatment ln human pancreatic
duct cells. GLP-1 activation of G-protein-coupled recep-
tors has been reporied to activate multiple signaling path-
ways In pancreatic f-cells, such as the cAMI-protein lanase

wimy
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va s present ln FDGs Lo rals and humans, A1 Is the FDG (shown bere for an exondis-d-treated rat ), GLP IR expresaloa
mbined labeling for the duct call nuuqt&h‘mccnhmm DAPL to mark the suclel

orange, GLP-IR expression was similarly

uman pancress Beale bars « 100 pm. (A kigh-quality dieits) representation of this fgure b available in the

A and the MAPK pathways leading to phosphorylation of
CREB with increased cyclin levels and j-cell replication in
pancreatic f-cells (30-32),

Te the 1 of GLP-1-induced duct

cell proliferation, we treated HPDE cells with exendin4
(¥ig. 7). CREB phosphorylation increased after 10 min of
exendingd exposure, reaching a plateau st -30 min (18 =
0,2-fold vs. control; P < 0.05; n = 3) (Fig. TA), Exendin-
induced a time-dependent phosphorylation of the mitogen-
activated kinases ERK] (4.8 = 0.6-fold) and ERK2 (27 =
0.1-fold, respectively, vs, control at 10 min; P < 0.01; n =3)
(Fig 78). Consequently, cyclin D1 protein wes induced to a
maximum at -6 h (1.6 = 0.2-fold va. control; P < 0.06, 7 = 3)
(Fig. 7C). However, no changes were observed in eyelin

Exhibit 22 - 263




ULF-1 AUTIONS ON THE EXOUHINE PANCHEAS

=

N =

| <

Z

c

@

o

E
°
o
s
[
i
3
e
)
[

®

=

z

c

]

a

™

=

S

a

FIG. 6. GLP-1R expreasion la present In PailN lesioay bn Pdz ] -Kraw mice ntd humags, GLP-1R (red; shown with combined cyiokeratio [CK| labellag
in green) was delectied in arean of acinar-to-ductal metaplasia (ADM) (A4) and mPanIN legion (8) in the pancreas of Pdx1-Kras mlce. Colocullzation
of GLP-1R and cylokcralln Is Indicated bn Lhe merged Images by the sulor oruyge. C: In human par ) GLP-1R exp was more appargat n
the columnar cells (arrowhiads) in regular ducts comparnd with adjarsnt normal cuboidal duct cells shwn away from the arvawhead. D: Where
duct cells adopt the columuar phenvtype (FanINla lesion shown), GLP-1H expression becomes more apparent. E: In more advanced PaniNS ledoiw,
Gmlh.lmm;nnreuuvlly alséo was rlearly present. Scale bars » 100 pm. (A high-quality digital repressntation of thix figure iu availahle ia the
o ue.
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FlU, 7. Exepdia-4 actions on husas pancreste duct cells. 4 lﬂd.l:"th‘:llM tlpt:‘lll-‘I‘I ul pl‘nlualm n‘xw (3] plupmuh-‘ (™

HPDE coll treated with exendin-4 (10 amoll) for
examples of

(A and ), a8 well aa ghyceral p
wvep < DOOI ve. untreated control valur.

A levels (Fig. 7D). We nlso investigated the actions of
exendin4 with or without metformin in the presence of the
activating Kras mutation in HPDE cells. Exendin- induced
CREB phosphorylation in control (pBP) cells (1.4 = 0.1-
fold pCREB/CREB vs. control; P < 0U1; 7 = 3), an effect
that was more pronounced in the presence of mulant Kras
(1.7 = 0.1-fold v, control P< 0.001; n = 3), and this effect

way al by me pret t (1.0 = 0.1-fold
va. controk, i = 3; P < 001 vs exendin treatment alone)
(Fig. 8)

il Les o et Ui

pa
toem (-0 b stimulation on epetls D1 (£) and cyelln A (D) protein levels. Dats are
delipde3 L debydroge (GAFDH) (€ and &

A ' v Y
‘Weetern blot experiments are shown i the fop panels and the corresponding anelysbs n the bellom panels. C and D: Effect of long-

s the mean = B0 denalty ratla of tatal CRER, KK
from 3 to b independent experinenta. P < 0.08;**F < 0.0}

DISCUSSION

The possibility that GLI-1 mimetic therapy might induce
sustained proliferative changes in the exocrine pancreas
is of concern because therapy for T2DM may be admin-
latered for decades (33,34). An increased d ad-
verse event rate in the U.S, Food and Drug Administration
adverse-event reporting system for pancreatitis and pan-
creatic cancer in patients treated with GLP-1-based ther-
apy underscores this concern (35). Because T2DM with
obesily Is a risk factor for pancreatitls and pancreatic

LEATITTIR VTV ) MAY 61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Exhibit 22 - 265




A
pCREB[

Pt i
CREB .H.---::J
cAr’unL:——-—.-_]
res|_—mm ]

CREER | cnp onv eup ene e @5
GAPDH o v -|

HPDE-pBP

| HPDE-Krag

S G 7 HPDE pBP
W HFPDE Kras
] "
2 60t
o
¥ 20
Q
o
' 3
@ 10
Q
(=%
0.0

F1G. K. Onrogenle Kras Increases the effects of exendin4 on human pancreatic duct cells, an effect that in counteracted by melfurmin, 4: Rep-
resentative Wentern blot of exiracts fram HPDE cells stably trmnsfected with cootrol vector {pBP) or oncogenic Kras showing CKEB phusphor-
ylalion at Ser133. Cella were protreated uith metformis (Metf; 100 pmol/L) for 30 min as indicated, prior to & 15-min stimuladon with exendin-4
{Ex; 10 nmoVL). Forskolin {Forsk; 10 pmol/L) was used an Lhe posliive conLrol. B: Statistical analysin shows Lhat phosphorylation of CREB by
exendin-4 s higher in HPDE-Kray when enmpared with HPDE-pBP cells (P < 0.06). Metformin treatment abrogated the effect of exendin-{ in
HPDE-Kras cells (£ < 0.01) but not in HPDE-pEP cellr, Data are vxpressed as the mean x SD demlly rluo of wul CKEB from flve independent

experiments, *P < 0.05: **P < 0.01. Cirl, control) DMSO, dimeihyl uslfe

cancer (36,37), administration of a drug that may further
amplify those risks requires closer investigation. In con-
trasl, also uncxpecicedly, the diabetes medication melfonmin
may decrease the risk of pancreatilis and pancrealic cancen
(38,39). Given the recent appreciation that PDGs can give
rise to PanIN-like lesions in the context of chronic pan-
creatitis (1), we first sought to establish the eflects of GLP-
IR activation on this compartment

Fxendin4 (reatment for 12 weeks induced a marked
expansion of the PDG compartnient in nondiabetic lean
Spraguc-Dawley rats. If the pancreas had heen sectioned
exclusively through the bedy or tail, no striking abnormal-
ilies would have heen observed. including no increase in the
frequency of rephcation of duet cells. The normial histology
in the most accessible portion of the pancreas and the ab-
sence of lumars or overt pancreatitis in lean nondiabetic
animals (reated with exendin-1 may explain normal exo-
crine panereas lovicology scereens (40) and some animal
studies (17,18). Therefore, to obscerve the GLP-i—induced
changes in PIGs reported in rats here, methodical analysis
of the entire pancreas, to include longitudinal sections
through the main pancreatic duct, 1s necessary,

Because PDGs have properties of an adull stem cell
campartment. (19), i11s not shrpnsing that shori-rerm ac-
tivation of the PDGs by GLP-1 therapy eoincident with
induced pancreatic Injury facilltates recavery from That
injury, presurnabily by fostering regeneration and providing
increased protective muein secretion (17,18). The clini-
cally more relevant question concerns the implication of
longer-term stimulation of the PDG compartment and 1ts
derivatives.

A total of 12 weeks of exendin~d therapy in young
healthy rats generated mucinous metaplasia and cytologic
alypia resembling low-grade PanIN-like lesions in the PDG
compartment, features reminiscent of the response to in-
duced chronic pancreatitis in mice and spontaneous
chronic pancreatitis in humans (19) (Fig. | and Supplementary
Fig. 2). However, we also repart that GLP-1R expression

[BRYLH

B A0L AL MNAY i

pan

Ide; GAPDH, glycer ydroy

is present in PDGs and PanIN lesions in rodents and hu-
mans, raisivg the guestion, does GLIP-1 minwltic therapy
stitnulate the growth of PaniN lesions? Low-grade PaniN
lesions are present in 16-80% of normal aduli pancreata,
the frequency increaging with age (41). PanIN lesions in
huans wre considered neoplusms and potential precur-
sors for invasive puncreatic cancer based on both path-
ological findings in hwnans amd lungitudinal stwlics in
nuce in which mutant Kras s introduced into the pancreas
(42). ‘The activating poinl miatation in the KRAS gene is the
most frequent mulation present in human PanIN lesions and
is considered to be the first slep 1 the progression foward
pancreatic cancer (42)

To betier appreciate the actions nf GLP-1-hased therapy
in a progression model of PanIN 1o pancrealic cancer,
we Lreated Pdx1-Krs mice for 12 wecks with exendin-l.
Exendind treatmient incrensed duet eell eeplication, in-
ereased the formalion of dysplastic mPPanIN lesions, aned
accelerated the development of chronic pancreatiis, These
data are consistent with the hypothesis that PanIN lesions
contribute (o the development of pancreatilis by the ob-
struction of ductal outflow, with the resulting chronice pun-
creatitis fostering further development of PanINs (42), Thoe
dase of exenrlin-d used here, although comparable with that
used previously to shaw the henefil in racdents, excceds 1he
Anse (per kilngram) used in humans (20) A lowar rflose was
nsed in a recent study 1o evaluate the effects of exendin-4
on the rodent exocrine pancreas in which no adverse
aclions were reported (18) However, no dia were pro-
vided in that report as 1o whether the dosage of exendind
achieved the clinically desired metabolic actions of exendin-
4. Moreover, the DG companmeni apparently was nol
evaluated in those studies, and the animals were not pre-
disposed to dysplasia. It is unknown Lo date whether a dose
of GLP-1 mimetic therapy might be identifizd that hus the
intended beneficial actions of enhanced plucose-mediated
insulin secretion but nv proproliferative effects on the exo-
cAne pancreas
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8. CIER AND ASSOCATES

Evalustion of the proliferative actions of
exocrine pancreas in | Is not techni
Therefore, we examined the actions of exendin4 on hu-
men pancreatic duetal epithellal cells in vitro, These in
vitro studies on the actions of GLP-1R acdvatlon in pan-
ereatic duct cells revealed a proproliferative sction me-
diated through the activation of MAPK pathways and
phosphorylation of CREB, which was even mare apparent
in the setting of an activating Kras mutation and inhibited by
the actions of This pr A mechanistle basls
for the nssoclation of metformin treatment with d d

GLP-1 in the

tmnagenic Tal model of type 2 diabeter: interactions with metformin. D+
sbetes 2000;68:1604-1615
4 HMH.VMDIT,MCEMWNHHWMNKSN&MWZ
disbetos mellitus. Mol Call Eadocyinal 2000:267:127-136
Deacun CF, Holst 4, pepuidase IV as an h o
. the treatnert and preveation of type 2 diabetes: 8 historical perspective.
Biochem Frcphys Res Commun T804 14
Aschner P, Kipiwea WS, Lanceford JK, Sanctiee M, Mickel C, Willlure-
Herman DE: Skagliptin Study 021 Growp, EBeet of the dipeptidyl peptidased
hlbor sitaghips iy on ghyoemic contral
2 disbetes. Disbetes Care 2006,28:2632-2607
7. Fineman MS, Biceak TA, Sten LZ, et al Effect on glycemic contral of -
enalide

©

«

vith gpe

lin<4) additive 10 existing melfnmin and/or sulfo-
In patlenis with type 2 disbetes Diabetes Care 2000;26

risk for pancreatitis and pancreatie cancer in individuul
with TZDM (38,39). It Is also consistent with a previous
rodent study in which metformin attenuated the pro-
liferative actions of the DPP-4 inhibitor sitagliptin on the
pancreatic ductal Lree (3).

nylurea
2370-2377
. Pratiey RE, Noock M, Baiey T, ot al; ISOLIRA-DPPA Stady Grmp
Liraghitide verms altaglipin for patienty with type 2 diabetes wha did nol
Narvr adequate glhvarmic control wilh metformby & 26-week, mandomised,
parsliebgroup, open-datel trial. Lances 2010375 1447- 14566
V. Ahumad SR, Swann. J . Exenatide and rare sdverse svense N Eng J Med
:1970-1071; d 1871-187

In conclusion, we report that eatment of mts for 12
weeks with exendin4 induced a ked ion of
PDGs through the hani 1 PDG cell rep-

of
lication. Moreover, we that the PDGs in mis end
humans express GLP-1Rs and that these also are abun
dantly expressed in PanIN Jesions in human pancreas. GLP-1

10. Ayoub WA, Kumar AA, Nagulb HS, Taylor HC Exenalide-Induced acwle
panereaut. Endocr Pract 2000,16:50-53

11, Parks M, Rosebraugh ¢ Weighlng risks and benefs of liraglutide: the
FDA's review of 2 new antidisbetic therapy. N Engl ) Med 2010;362:774-
ki

treatment sdvances the rate of formation of dysp
mPandN lesions and chronic pancreatitls in 8 mouse mode]

12 ion for health fe I ide (1 1 as Byetia):
R72008 update, Available frum hitpieww. fda gevTinugeTrugSafity Tost
i forall i 24713 hun

prone to the development of pancreatic ductal
noma Finally, we report that treatment of human pancreatic
duct cells with the GLP-1 ansdog exendin< induces propro-
liferative signaling pathways, an effect that is Inhibited by
metformin. Collectively, these studies imply that GLP-1-

duced profif within U pancress i focal
ol may lerule the develop tof d ic lesions
when present.
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Mugdha Gokhale, M.S.; Til Stirmer, M.D.,
Ph.D.; Virginia Pate, M.S.; Alison Marquis,
M.S.; and John Buse, M.D., Ph.D.

School of Public Health, School of Medicine, University of
North Carolina, Chapel Hill, NC

Introduction

A recent study analyzing human pancreata from 7 sita-
gliptin-treated patients described potentially detrimental
effects of sitagliptin, a dipeptidy] peptidase 4 inhibitor
(DPP-41), on the human pancreas with implications for
incident pancreatic cancer.! This adds to the concerns
already raised by an analysis of the U.S. Food and Drug
Administration (FDA) Adverse Events Reporting System
(FAERS), which reported increased pancreatic cancer rates
with incretin-based antihyperglycemic drugs compared to
other antidiabetics.? The former study is limited by small
numbers, poor maltching on baseline characteristics, and
absence of information about duration of therapy; and the
latter by reporting bias and a lack of a denominator and
confounding, among others. Given the lack of popula-
tion-based studies on this topic, we sought to compare the
incidence of pancreatic cancer after initiation of DPP-4i
versus sulfonylurcas (SU) and thiazolidinediones (TZD).
To address concerns about potential outcome detection
bias, we compared the cumulative incidence of diagnostic
work-up (pancreatic biopsics, abdominal X-rays, com-
puted tomography [CT] scans, laboratory tests) in the two
cohorts before and after initiation,

Methods

This study employed a new-user active comparator cohort
study design. The study population consisted of paticnts
65+ years of age initiating DPP-4i, SU, or TZD in a 20
percent random sample of the 20062010 Medicare A, B,
and D claims data. Prevalent users of the drugs being com-
pared in the 6 months before drug initiation (index date)
were excluded. To ensure that patients were actually on
the drug, they were required to fill a second prescription

of the same drug within 180 days of initiation. Follow-up
started at the second fill date. To avoid capturing rule-out
diagnoses of pancreatic cancer as the outcome, we defined
pancreatic cancer as at least two claims of pancreatic can-
cer within 2 months. In the primary as-treated analysis, we

Poster Abstracts

Dipeptidyl Peptidase 4
Inhibitors and Comparative
Pancreatic Cancer Risk Among
Older Adults

used propensity score adjusted Cox proportional hazard
models to estimate hazard ratios (HR) and 95 percent con-
fidence intervals (Cl). Using an active comparator design
helped balance the diabetes severity and baseline pancre-
atic cancer risk in the groups being compared. Diagnostic
work-up before and after drug initiation was compared
using risk ratios (RR).

Results

In the DPP-4i versus TZD comparison, there were 19,410
DPP-4i initiators, and 23,233 TZD initiators, Over a
9-month median follow-up, 29 DPP-4i initiators had a
pancreatic cancer diagnosis. In the DPP-4i versus SU com-
parison, there were 11,873 and 50,411 DPP-4i and SU ini-
tiators, respectively, with 11 pancreatic cancer diagnoses
in the DPP-4i group. The hazard of pancreatic cancer with
DPP-4i was lower relative to SU (HR = 0.5; CI = 0.3-1.0)
and similar to TZD (HR = 1.1; CI = 0.6~1.8). In the

6 months post index, the cumulative incidence of diagnos-
tic procedures among the sitaglitpin initiators (79.4%) was
similar to TZD (74.0%) (RR = 1.07; CI = 1.06-1.08) and
SU (74.6%) (RR = 1.06; CI = 1.05-1.07). The probability
of diagnostic workup pre-index was similar for all groups
(~ 80-85%).

Conclusion

Though limited by sample size and duration of expo-
sure, contrary to previous evidence, our data suggest no
increased pancreatic cancer risk with DPP-4i rclative to
SU or TZD and that the probability of diagnostic work-up
is not affected by DPP-4i therapy. Analyses including the
intent-to-trcat approach will be presented.

Funding Source:

National Center for Research Resources and the National
Center for Advancing Translational Sciences, National
Institutes of Health, Pilot award through the University of
North Carolina’s CTSA, ULITR000083.
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EXECUTIVE SUMMARY

Epidemiologic data have demonstrated significant
increases of various cancers in people with obesity and dia-
betes. Recently, concern has emerged that antihyperglyce-
mic medications may also be associated with an increased
prevalence of multiple cancers; however, available data
are limited and conflicting. The American Association of
Clinical Endocrinologists (AACE) convened a confer-
ence to review factors associated with cancer develop-
ment in people with obesity and diabetes and to discuss
the possible cancer risk of antihyperglycemic medications.
Increased body mass index is associated with an increased
risk of multiple cancers based on observational epidemio-
logical data, and is closely associated with increased levels
of endogenous insulin, insulin-like growth factors, inflam-
matory cytokines, and other factors that can have down-
stream pro-cancer growth effects.

The role of hyperglycemia in cancer development is
less clear, but an association cannot be ruled out, as current
observational data additionally suggest an increased can-
cer risk in people with diabetes. There is currently insuffi-
cient evidence that antihyperglycemic medications may be
definitively associated with an increased cancer risk owing
to a lack of data from large-scale randomized study designs.
Similarly, there is also insufficient evidence showing a pos-
itive impact of these medications on cancer development.
Clinicians can continue to confidently prescribe all FDA-
approved antihyperglycemic medications for the manage-
ment of hyperglycemia according to established practice
guidelines. In patients who have an elevated cancer risk or
positive family history of cancer, the cautious selection of
antihyperglycemic medications is both prudent and war-
ranted. The AACE additionally advocates for the improved
treatment and management of obesity, early cancer screen-
ing in patients at increased risk, increased research collabo-
ration, and improved study designs to address outstanding
concerns surrounding the diabetes-cancer relationship.

Abbreviations:

AACE = American Association of Clinical
Endocrinologists; BMI = body mass index; CI = confi-
dence interval; DPP-4 = dipeptidyl peptidase-4; EMA
= European Medicines Agency; FDA = U.S. Food and
Drug Administration; GLP-1 = glucagon-like pep-
tide-1; HR = hazard ratio; IGF = insulin-like growth
factor; IGFBP = insulin-like growth factor binding pro-
tein; IR = insulin receptor; RR = relative risk; T2D =
type 2 diabetes; TZD = thiazolidinedione

INTRODUCTION

A conference and writing task force was commissioned
by the American Association of Clinical Endocrinologisls
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(AACE) and the American College of Endocrinology to
determine the possible roles of obesity, hyperinsulinism,
glucose, and diabetes and its therapies in the pathogenesis
of cancer. The purpose of this document is to review the
available evidence, provide recommendations to practicing
clinicians, and highlight research needs.

Contributions of Different Types of Evidence

Basic research provides mechanisms to explain why an
agent may increase the risk of cancer. Epidemiological stud-
ies can be hypothesis formulating or testing. Observational
analytic epidemiological studies are hypothesis testing for
moderate to large effects, but hypothesis formulating for
small effects which require large-scale randomized evi-
dence. All types of research contribute to a totality of evi-
dence upon which rational clinical decisions for individual
patients and policy for the health of the general public can
be safely based.

OBESITY AND CANCER

Basic Research

Many proposed biological mechanisms link obesity
to cancer development (Fig. 1) through the direct or indi-
rect effects of obesity on insulin and insulin-like growth
factor-1 (IGF-1), sex hormones, adipokines, and inflam-
mation (1,2). The collective activation of these individual
mechanisms promotes an environment of increased prolif-
eration, inhibited apoptosis, and increased genomic insta-
bility (1).

Recent tissue-based breast cancer studies have pro-
vided support for hypothetical obesity-related cancer mech-
anisms in humans (3 4). Breast tissue samples obtained
from women undergoing surgery for breast cancer have
shown a significant direct correlation between body mass
index (BMI) and inflammation (P<.001), adipocyte size
(P<.001), and aromatase expression and activity (P = .02)
(3). Visceral fat and mammary tissues from obese ovari-
ectomized mice were found to have significantly greater
numbers of inflammatory foci (P<.001), pro-inflammatory
mediators (P<.003), and aromatase activity (P<.001) than
samples from other low-fat and high-fat comparator groups

-

Epidemiologic Studies

Obesity is emerging as a leading avoidable cause of
mortality, including cancer mortality. In an analysis of data
from 57 prospective cohort studies with approximately
900,000 total participants, BMI was a strong predictor of
death above and below the apparent optimum of 22.5 to 25
kg/m? (5). The progressive excess mortality for BMI above
this range is mainly due to vascular diseases. Median sur-
vival (average age at death) is reduced by 2 to 4 years at
ages 30 to 45 and 8 to 10 years at ages 40 to 45, which is
comparable to the hazard of cigarettes.
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Fig. 1. Biological mechanisms that link obesity with cancer development. /GF-/ =
insulin-like growth factor-1. Adapted from (1).

When compared with overweight or nonobese people,
obese individuals or those with a 5-point increase in BMI
have a significantly increased risk of many different cancer
types (Table 1) (6-10). The strongest associations appear
to be for endometrial, gall bladder, esophageal (adeno-
carcinoma), renal, thyroid, ovarian, breast, and colorectal
cancer. Weaker but still statistically significant associations
were also observed for leukemia, malignant and multiple
melanoma, pancreatic cancer, and non-Hodgkin lymphoma
(7.9). Paradoxically, there is some evidence that increased
BMI may be protective for lung, esophageal (squamous)
(9), and prostate cancer (11) in men, though obesity seems
to impart an increased incidence of more aggressive pros-
tate cancers (12). In women, increased BMI may be pro-
tective for premenopausal breast and lung cancer (9). In
the Swedish Obese Subjects (SOS) prospective controlled
intervention trial, obese women undergoing bariatric sur-
gery were observed to have a decreased incidence of can-
cer compared with controls (hazard ratio |[HR], 0.58; 95%
confidence interval |CI|, 0.44-0.77; P = .0001) (13). The
same effect was not observed in men (HR, 0.97; 95% ClI,
0.62-1.52; P = 90).

The observed relationship of elevated cancer risk with
increased BMI supports the need to advocate for improved
diet, greater physical activity, and early cancer screening
in obese patients. Opportunities for educating patients on
the obesity—cancer relationship and appropriate lifestyle
changes may be possible at the cancer screening visit or
following the clinical identification of cancer, when patient
health awareness and openness to change are likely to be at
higher levels (14-16).

Evidence for the link between obesity and cancer
outcomes after diagnosis is less clear. In one cohort of
the prospective Cancer Prevention Study II, BMI in the
obese range (=30 kg/m?) was associated with increased
overall cancer mortality compared to normal weight (18.5
to 24.9 kg/m?) in both men (relative risk [RR], 1.09; 95%
CI, 1.05-1.14) and women (RR, 1.23; 95% CI, 1.18-1.29)
(17). Increased BMI is associated with worsened outcomes
for breast (18-20), colon (21}, and aggressive prostate can-
cer (12), but improved outcomes for renal cell carcinoma
(22) and endometrial cancer (23). Furthermore, Adams et
al observed decreased mortality (HR, 0.54, 95% CI, 0.37-
0.78; P = .001) for obesity-related cancers with bariatric
surgery in women with a BMI 235 kg/m? (24).

ROLE OF ENDOGENOUS
INSULIN IN CANCER

Insulin, IGF-1
and Cancer Development

Obesity-related hyperinsulinemia may affect can-
cer development through ligand binding with the insulin
receptor and/or by increasing circulating IGF-1 levels (Fig.
2) (2). Circulating IGFs are normally bound by insulin-like
growth factor binding proteins (IGFBPs). IGFBP-3 binds
almost 90% of circulating IGF-1 and -2. In conditions of
prolonged hyperinsulinemia, the activities of IGFBP-1 and
-2 are diminished, potentially resulting in increased “free”
IGF-1 and -2. Direct relationships among increased obe-
sity (or percentage body fat), increased insulin, and “free”
IGF-1 levels have been demonstrated (2,25).
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Table 1
Meta-analyses Linking Increased BMI (=25 kg/m?) With Cancer Risk
Study group Cancer evaluated Risk 95% ClI

Druesne-Pecollo et al 2012 (7) | Endometrial (second primary) RR 1 467 1.17-1.83
Breast (second primary) RR 1.14% 1.07-1.21
Breast (contralateral) RR 1.122 1.06-1.20

Crosbie et al 2010 (6) Endometrial RR 1.60% 1.52-1.68

R_er:ehan et al 2008 Esophageal (adenocarcinoma) RR 1.528 1.33-1.74

(men) (9) Thyroid RR 1.33% 1.04-1.70
Colon RR 1.24* 1.20-1.28
Renal RR 1.24? 1.15-1.34
Malignant melanoma RR 1.17% 1.05-1.30
Multiple myeloma RR 1.11% 1.05-1.18
Rectal RR 1.09* 1.06-1.12
Leukemia RR 1.08* 1.02-1.14
Non-Hodgkin lymphoma RR 1.06* 1.03-1.09
Lung RR 0.76* 0.70-0.83

L Esophageal (squamous) RR 0.71% 0.60-085

Renehan et al 2008 Endometrial RR 1.59° 1.50-1.68

(women) (9) Gallbladder RR 1.592 1.02-2.47
Esophageal (adenocarcinoma) | RR 1.51° 1.31-1.74
Renal RR 1.342 1.25-1.43
Leukemia RR 1.17% 1.04-1.32
Thyroid RR 1.14? 1.06-1.23
Breast (postmenopausal) RR 1.12% 1.08-1.16
Pancreatic RR1.12* | 1.02-1.22
Multiple myeloma RR 1.11% 1.07-1.15
Colon RR 1.09% 1.05-1.13
Breast (premenopausal) RR 0.922 0.88-0.97
Lung RR 0.80? 0.66-0.97

Schouten et al 2008 (10) Ovarijan (premenopausal) RR 1.72° 1.02-2.89
Ovarian (Postmenopausal) RR 1.07° 0.87-1.33

Olsen et al 2007 (8) Ovarian RR 1.30¢ 1.12-1.50

Abbreviations: BMI = body mass index; CI = confidence interval; RR = relative risk.

aRisk values per S-kg/m? increase in BMI.

b Multivariate risk, obese (BMI=30 kg/m?) versus nonobese (BMI 18.5-23 kg/m?) patients.

¢ Pooled risk, obese (BMI=30 kg/m?) versus nonobese (BMI 18.5-24.9 kg/m?) patients.

Insulin has multiple effects, depending on its interac-
tion with insulin receptors (IRs), which exist in two major
isoforms (IR-A and -B) (26,27). Pro-growth mitogenic
effects are elicited through the actions of insulin and IGF-1
binding with the IR-A and IGF-1 receptors, respectively
(28,29). The independent role of the IR was confirmed by
Zhang et al (30), when downregulation of IRs in LCC6
cells reduced xenograft tumor growth in athymic mice and
inhibited lung metastasis. Blockade of the IGF-1 receptor
has been associated with decreased growth of breast can-
cer cells (31,32), while enhanced IGF-1 activity has been
associated with decreased susceptibility Lo chemotherapy
(33). Both IR-A and IGF-1 receptors are predominantly

located in fetal tissue and in adult cancer cells (34). IRs and
IGF-1 receptors are overexpressed in human breast cancers
(35-38).

Insulin, Insulin-related Markers,
and Cancer Risk
Several study groups have investigated the predictive
value of plasma insulin levels for pre- and postmenopausal
breast cancer (Table 2), with some conflicting observa-
tions (39-42). In a case-control study of 99 premeno-
pausal women with recently diagnosed breast cancer,
those in the highest quintile of fasting insulin concentra-
tion had a nearly 3-fold increased risk of breast cancer
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Fig. 2. Obesity and the insulin-IGF-1 hypothesis of cancer development. /GFBP
= insulin-like growth factor binding protein; /GF-/ = insulin-like growth factor-1.

Adapted from (2).

Table 2

Summary of the Association of Elevated® Plasma Insulin,
C-Peptide, and IGF-1 Levels With Cancer Risk

Study group \ Cancer evaluated Risk 95% CI

Insulin

Hirose et al 2003 (41) Postmenopausal breast cancer OR 4.48® |1.07-18.7

Goodwin et al 2002 (40) Breast cancer (distant recurrence) | HR 2.0 1.20-3.30
Breast cancer death HR 3.1 1.70-5.70

Mink et al 2002 (42) Breast cancer RR 1.01¢ |0.55-1.86

Del Giudice et al 1998 (39) | Premenopausal breast cancer OR 2.83¢ [1.22-6.58

C-Peptide

Wolpin et al 2009 (47) Nonmetastatic colorectal death HR 1.87¢ | 1.04-3.36

Pisani et al 2008 (46) Colorectal RR 1.35 1.13-1.61
Breast RR 1.26 1.06-1.48
Pancreatic RR 1.70 1.10-2.63
Bladder RR 1.22 1.01-1.47

Ma et al 2004 (44) Colorectal RR 2.7 1.20-6.20

IGF-1

Duggan et al 2013 (43) Breast cancer (all-cause mortality) | HR 3.108 | 1.21-7.93

Ma et al 1999 (45) Colorectal RR 2.51 1.15-5.46

Abbreviations: CI = confidence interval; HR = hazard ratio; IGF-1 = insulin-like growth factor 1;

OR = odds ratio; RR = relative

risk.

aDefined as values at the highest tertile, quartile, etc.
bBMI >23.07, multivariable-adjusted for age, family history, and age at menarche, parity,

and at first delivery.

< Multivariable-adjusted for age, race, study center, BMI, age at menarche, menopause, and at
parity, family history, number of sisters, alcohol intake, and pack-years of smoking.
d Multivariable-adjusted for age and weight.

¢ Age-adjusted.

f Multivariable-adjusted for BMI, alcohol consumption, vigorous exercise, and aspirin treatment.
& Adjusted for BMI, ethnicity, tamoxifen use at time of blood draw, treatment received at diagnosis,

and IGFBP-3 levels.
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after adjustment compared with those in the lowest quin-
tile (39). Likewise, Hirose et al showed a >4-fold adjusted
increased risk of breast cancer in postmenopausal Japanese
women with BMI >23.1 kg/m? and in the highest tertile of
insulin levels compared with the lowest tertile, though not
all blood samples were fasting profiles (41). At least one
study showed no association of insulin levels with breast
cancer risk (42), albeit in a smaller cohort. With respect to
distant recurrence and death, Goodwin et al observed that
fasting insulin levels in the highest quartile were found to
be significantly positively associated in patients with early
breast cancer (40).

C-peptide levels and IGF-1 levels have also been
linked to cancer risk (43-47). A meta-analysis of 12 epi-
demiological studies observed that prior to diagnosis,
C-peptide or insulin levels at the highest subgrouping were
significantly predictive of pancreatic, colorectal, breast,
and bladder cancer when compared with lower levels prior
to diagnosis (46). Wolpin et al, in a prospective observa-
tional study of 373 patients with diagnosed nonmetastatic
colorectal cancer, observed a nearly 2-fold higher age-
adjusted mortality risk in patients in the top quartile of
plasma C-peptide levels compared with those in the lowest
quartile (47). Men from the Physician’s Health Study in
the highest quintile for IGF-1 concentration prior to can-
cer diagnosis had an increased risk of colorectal cancer
compared with those in the lowest quintile (RR,2.51;95%
Cl, 1.15-5.46) (45). Finally, IGF-1 levels and an 1GF-1/
IGFBP-3 ratio at the highest quintile in women with breast
cancer has been observed to confer an approximate 3-fold
increased risk of adjusted all-cause mortality compared
with patients in the lowest quintiles of these measures (43).
Interestingly, clinical trials using humanized monoclonal
IGF-1 receptor antagonists to affect cancer outcomes have
generally been very disappointing. Besides the suggestive
evidence that hyperinsulinemia and obesity are involved
in the increased incidence of cancer, other factors, such as
leptin, inflammatory cytokines, and reduced sex hormone-
binding globulin resulting in more free sex hormones have
also been invoked (48).

DIABETES AND CANCER

Animal Models of Diabetes

The independent role of diabetes on cancer develop-
ment has been difficult to discern, given the fact that obe-
sity is closely associated with inflammation and hyper-
insulinemia. Animal studies in transgenic diabetic mice
may shed some light on the relative contributions of each
of these factors. Models of both skin and mammary car-
cinogenesis in fatless diabetic (A-ZIP/F-1) mice were
found to demonstrate a higher tumor incidence and greater
tumor volume than controls in the presence of significantly
elevated levels of insulin, IGF-1, growth hormone, and
inflammatory cytokines (P<.05) (49). In a model of murine

Diabetes and Cancer, Endocr Pract. 2013;19(No. 4) 681

breast cancer, lean female MKR mice with pronounced
diabetes and inactivated IRs and IGF-1 receptors in skel-
etal muscle were found to have significantly increased
insulin/IGF-1 receptor activation in prepubertal mammary
gland tissue and increased mammary tumor volume and
weight compared with wild-type controls (P<.05) (50).
Reduced insulin/IGF-1 receptor activation in MKR mice
with mammary tumors blocked tumor progression (51).
Taken collectively, there appears to be strong support for
the interconnected roles of hyperinsulinemia and diabetes
in cancer development.

Glucose and Tumor Metabolism

The independent role of hyperglycemia in cancer
development is less clear. To achieve growth and prolifera-
tion, tumor cells must replicate at higher rates than normal
cells, necessitating the need for increased intake of nutri-
ents from the surrounding microenvironment, Glucose is
one source of energy for tumor cells to support growth
and proliferation. Tumor cells may also rely on the intake
of amino acids such as glutamine (52). Glucose uptake
is closely regulated by growth factor signaling in normal
nonproliferating cells (53); but through genetic mutations,
tumor cells can bypass these limitations (52). Activation
of growth factor receptors stimulates changes in intracel-
lular signaling, which in turn modify metabolic pathways
in support of proliferative growth. Pyruvate kinase isoform
M2 (PK-M2) is an example of an enzyme whose activity
state is modified to support proliferation in response to
changes in intracellular signaling (54). Thus, hyperglyce-
mia is often wrongly implicated as the sole source of can-
cer nutrition in patients with diabetes, when cancer cells
can thrive using other energy sources promoted by genetic
mutations and aberrant intracellular signaling.

Diabetes and Cancer Risk

Multiple meta-analyses of case-control and cohort
studies have shown that diabetes is associated with a sig-
nificantly increased risk of breast (55), colorectal (56),
endometrial (57), pancreatic (58), and hepatic cancer (59),
and non-Hodgkin lymphoma (Table 3) (60). Bladder can-
cer has also been shown to be positively correlated with
diabetes (61), although a recent prospective cohort study
of over 170,000 patients indicates that this positive asso-
ciation may be limited to patients with long-standing dia-
betes (>15 years) or insulin users (62). Prostate cancer risk
appears to be decreased in patients with diabetes (63); one
possible explanation is that testosterone levels have been
shown to be reduced in men with diabetes (64). The con-
version of testosterone to dihydrotestosterone promotes
prostate cell growth.

Diabetes is also associated with an increase in can-
cer mortality (Table 4) (65). In the Cancer Prevention II
Study, men with diabetes were found to have an increased
risk of mortality from hepatic, oropharyngeal, pancreatic,

Exhibit 24 - 278



682 Diabetes and Cancer, Endocr Pract. 2013;19(No. 4)

bladder, colon, and breast cancer and a decreased risk of
mortality from prostate cancer (65). In women, diabetes
was associated with an increased risk of mortality from
breast, hepatic, pancreatic, endometrial, and colon cancer.
The findings of the Cancer Prevention II Study are sup-
ported by a smaller retrospective cohort study in the United
Kingdom of over 8,000 patients with type 2 diabetes (T2D)
(66). Two notable discrepant results in the Currie study
were the findings of increased prostate cancer mortality
and decreased mortality for lung cancer in patients with
T2D.

Copyright © 2013 AACE

WHAT IS NEEDED FOR
CANCER DEVELOPMENT?

After examining the relative contributions of obe-
sity, insulin, IGFs, and diabetes to cancer development, it
would appear that the most compelling scenario for cancer
development may include a combination of prolonged obe-
sity due to excess caloric intake plus the resulting increase
of circulating insulin, IGFs, cytokines, and inflammatory
molecules (67). Compelling research in animals has shown
that caloric restriction (>10 to 40% of daily intake) can

Table 3
Summary of the Association of Diabetes and Cancer Risk
Study group Cancer evaluated Risk 95% CI
Mitri et al 2008 (60) Non-Hodgkin lymphoma RR 1.19 1.04-1.35
Friberg et al 2007 (57) Endometrial RR 2.10 1.75-2.53
Larsson et al 2007 (55) Breast RR 1.20 1.12-1.28
El-Seraq et al 2006 (59) Hepatic (case-control studies) OR 2.54 1.82-3.54
Hepatic (cohort studies) Risk ratio 2.50 1.93-3.24
Kasper et al 2006 (63) Prostate RR0.84 0.76-0.93
Larsson et al 2006 (61) Bladder - RR 1.24 1.08-1.42
Huxley et al 2005 (58) Pancreatic OR 1.82 1.66-1.89
Larsson et al 2005 (56) Colorectal RR 1.30 1.20-1.40 |
Abbreviations: CI = confidence interval; OR = odds ratio; RR = relative risk.
Table 4
Summary of the Association of Diabetes and Cancer Mortality
Study group Cancer evaluated Risk 95% Cl1
Campbell et al 2012 Breast RR 4.20* 2.20-8.04
(men) (65) Hepatic RR 2.26% 1.89-2.70
Oropharyngeal RR 1.44% 1.07-1.94
Pancreatic RR 1.40? 1.23-1.59
Bladder RR 1.222 1.01-1.47
Colon RR 1.15% 1.03-1.29
Prostate RR 0.882 0.79-0.97
Campbell et al 2012 Hepatic RR 1.40? 1.05-1.86
(women) (65) Endometrial RR 1.332 1.08-1.65
Pancreatic RR 1.312 1.14-1.51
Colon RR 1.18? 1.04-1.33
| Breast RR 1.16% 1.03-1.29
Currie et al 2012 (66) All cancers HR 1.09" 1.06-1.13
Breast HR 1.32° 1.17-1.49
Prostate HR 1.19° 1.08-1.31
Bladder HR 1.16° 1.02-1.32
Lung HR 0.84° 0.77-0.92
Abbreviations: CI = confidence interval; HR = hazard ratio; RR = relative risk.
“ Adjusted for age, education, BMI, smoking, alcohol, vegetable, and red meat
intake, physical activity, and aspirin use.
b Adjusted for age, sex, smoking status, year of cancer diagnosis, Charlson
comorbidity index, Townsend index of deprivation, hemoglobin A ., and number
of general practice contacts.
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prevent cancer development (68), with diminished levels
of IGF-1 believed to play a central role in mediating this
effect (69-71). With tumor cells deriving energy from a
variety of sources (glucose and amino acids such as glu-
tamine) and adjusting metabolic pathways to meet homeo-
static needs, hyperglycemia may not be an essential com-
ponent for cancer development in patients with diabetes.

Time from Exposure to Cancer Development

In animal models, the first exposure to a carcinogen
causes an “initiating event,” whereas genetic damage and
consequent DNA repair mechanisms result in fixed genetic
mutations (72). Continued exposure to the carcinogen
promotes growth of the damaged cell line, resulting in
eventual progression to clinical cancer and malignancy. In
mice, the time from carcinogen exposure to cancer devel-
opment is approximately 20 to 50 weeks (73). In humans,
this lag time can be as long as 20 to 50 years (74). This is
an essential point to consider when weighing the totality
of evidence linking disease-state relationships with can-
cer or the role that pharmacotherapy may play in cancer
development.

ANTIHYPERGLYCEMIC DRUGS AND CANCER

Metformin
Metformin use appears to be associated with a neu-
tral-to-decreased effect on cancer incidence and mortality,
based on available epidemiological data (Table 5) (66,75-
78). A meta-analysis of 13 randomized controlled trials
(RCTs) by Stevens et al (78) showed a clinically insig-
nificant 2% increase in the RR of cancer mortality with

Table 5
Summary of the Association Between Metformin
and Cancer Incidence and Mortality
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metformin use in patients with or at risk for diabetes, rela-
tive to comparator therapy. The RCTs included in the anal-
ysis were not designed a priori to look at cancer incidence
but merely reported cancer incidence. Only 9 RCTs looked
at metformin monotherapy against a comparator. Other
retrospective data point to decreased cancer incidence and
mortality in metformin-treated patients (66,75-77). When
looking at individual cancer types, metformin use is asso-
ciated with a significantly lower risk of colorectal, hepato-
cellular, and lung cancer (77). Nonsignificant lower risks
have also been observed for prostate, breast, pancrealic,
gastric, and bladder cancer. Overall, metformin has been
safely used for the treatment of hyperglycemia for decades.
In light of encouraging in vivo and in vitro studies indicat-
ing anticancer properties, the use of metformin to improve
cancer-related outcomes is actively being investigated in
prospective clinical trials (79).

Thiazolidinediones (TZDs)

Evidence from a recent meta-analysis and several
observational analytic studies point to a potential concern
for increased bladder cancer risk with the use of piogli-
tazone, particularly with long-term use and large cumula-
tive doses. In a meta-analysis by Colmers et al (80), overall
bladder cancer incidence with TZD treatment was 53.1
cases per 100,000 patient-years of treatment. A statistically
significant increase in bladder cancer risk was observed
when looking at only cohort studies, while a numerically
greater but statistically non-significant increase in risk
was observed with TZD treatment in RCTs (Table 6). In
a similar study, also by Colmers et al (81), TZD use was
associated with a decreased risk of colorectal, lung, and

~ Studygroup Outcome Risk 95% CI_|
Currie etal 2012 (66) | Cancer mortality | HR 0.85° 0.78-093
Noto et al 2012 (77) Cancer incidence Risk ratio 0.67 0.53-0.85
Colorectal Risk ratio 0.68 0.53-0.88
Hepatocellular | Risk ratio 0.20 0.07-0.59
Lung Risk ratio 0.67 0.45-0.99
Cancer mortality Risk ratio 0.66 0.49-0.88
Stevens et al 2012 (78) Cancer mortality | RR 1.02 |1 0.82-126
DeCensi et al 2010 (75) Cancer incidence RR 0.68 0.52-0.88
. | Cancer mortality RR 0.70 0.51-0.96
Landman et al 2010 (76) Cancer mortality HR 043" 0.23-0.80

index.

complications.

Abbreviations: CI, confidence interval, HR, hazard ratio; RR, relative risk.
“ Adjusted for age, sex, smoking status, cancer diagnosis year, and Charlson comorbidity

b Adjusted for smoking status, age, sex, diabetes duration, hemoglobin A, serum
creatinine, BMI, blood pressure, total cholesterol-to-high-density lipoprotein (HDL)
ratio, albuminuria, insulin use, sulfonylurea use, and presence of macrovascular
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breast cancer. Pioglitazone, but not rosiglitazone, was sig-
nificantly associated with increased bladder cancer risk
(80). These findings are supported by retrospective data
indicating that pioglitazone exposure for >24 months or at
cumulative doses >28,000 mg is also associated with sig-
nificantly increased bladder cancer risk (82,83).

When looking at overall cancer incidence in RCTs,
there is less concern with TZD use. In the Prospective
Pioglitazone Clinical Trial in Macrovascular Events
{PROactive) study, there were a total of 97 cases (3.7%)
of malignancy reported in the pioglitazone treatment group
and 99 cases (3.8%) in the placebo group (84). Of these, 14
cases (0.5%) of bladder cancer were reported with piogli-
lazone versus 6 cases with placebo (0.2%). After 6 years of
observational follow-up of participants in the PROactive
study, rates of bladder cancer evened out between the treat-
ment groups (23 cases |0.9%| for pioglitazone versus 22
cases |0.8%] for placebo) (85).

In the Rosiglitazone Evaluated for Cardiovascular
Outcomes in Oral Agent Combination Therapy for Type
2 Diabetes (RECORD) trial, rosiglitazone treatment was
associated with lower rates of malignancy compared with
metformin (0.94 cases per 100 patient-years versus 1.15
cases per 100 patient-years; HR, 1.22; 95% CI, 0.86-
1.74) in patients on background sulfonylurea treatment
and lower rates of malignancy compared with sulfonyl-
urea (0.93 cases per 100 patient-years versus 1.23 cases
per 100 patient-years; HR, 1.33; 95% CI, 0.94-1.88) in
patients on background metformin (86). The occurrence of

Copyright © 2013 AACE

overall malignancy for rosiglitazone, metformin, and gil-
benclamide in the A Diabetes Outcome Progression Trial
(ADOPT) was 1.12, 1.03, and 1.31 cases per 100 patient-
years, respectively (86). A meta-analysis of 80 RCTs found
no increase in cancer risk with rosiglitazone use relative to
comparator groups (odds ratio, 0.91; 95% CI, 0.71-1.16)
(87). There is some evidence that TZD use may improve
survival in patients with T2D and breast or prostate cancer
(88,89).

In summary, TZD-based therapy has been associ-
ated with potential cancer risk, primarily pioglitazone
with bladder cancer, as well as a protective role (e.g., in
colorectal, lung, and breast cancer). Recent data on pio-
glitazone and bladder cancer essentially removes statisti-
cal significance or points to a very small risk leading to
bladder cancer. Therefore, clinicians should be confident
and continue to use TZDs. However, until more definitive
data are available, clinicians should observe and monitor
their patients on pioglitazone and follow the U.S. Food
and Drug Administration’s (FDA) recommendation to not
prescribe the drug to people with a history or high risk of
bladder cancer.

Incretins
Glucagon-Like Peptide-1 (GLP-1) Receptor Agonists
and Thyroid Carcinoma
Prescribing information for GLP-1 agonists includes
a cautionary message about preclinical carcinogenicity
studies which have shown an increase in thyroid C-cell

Table 6
Summary of TZDs and Cancer Risk

Study group Analysis groups Risk 95% CI
Azoulay et al 2012 (82) Pioglitazone Rate ratio 1.83% 1.10-3.05
Rosiglitazone Rate ratio 1.14° 0.78-1.68
Pioglitazone >24 months exposure | Rate ratio 1.99% 1.14-3.45
Pioglitazone >28,000 mg Rate ratio 2.54° 1.05-6.14

| — cumulative dosage L

Colmers et al 2012 (80) TZDs (RCTs) | Risk ratio 1.45 0.75-2.83
TZDs (cohort studies) Risk ratio 1.15 1.04-1.26
Pioglitazone - Risk ratio 1.22 1.07-1.39

[ Rosiglitazone B Risk ratio 0.87 | 0.34-223 |
Colmers et al 2012 (81) TZDs (colorectal) Risk ratio 0.93 0.87-1.00
TZDs (lung) Risk ratio 0.91 0.84-0.98
TZDs (breast) Risk ratio 0.89 0.81-0.98
Lewis et al 2011 (83) Pioglitazone HR 1.20° ~0.90-1.50
Pioglitazone >24 months exposure | HR 1 400 1.03-2.00

thiazolidinediones.

agents at any time.

Abbreviations: CI = confidence interval; HR = hazard ratio; RCTs = randomized controlled trials; TZDs =

2 Adjusted for excess alcohol use, obesity, smoking status, hemoglobin A, ., previous bladder conditions,
previous cancer (other than nonmelanoma skin cancer), Charlson comorbidity score, and use of antidiabetic

b Adjusted for age, sex, race/ethnicity, smoking status, renal function, bladder conditions, congestive heart
failure, income, baseline hemoglobin A, diabetes diagnosis at follow-up, duration of diabetes,
other cancer prior (o baseline, use of antidiabetic medications, and pioglitazone use.
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carcinomas in rats (90,91). There are approximately 22- to
45-fold more total C-cells in rodents than in humans, and
only rat C-cel! lines have been shown to express functional
GLP-1 receptors {92). In phase 3 clinical trials, plasma
calcitonin, a measure of C-cell hyperplasia and medullary
thyroid carcinoma (MTC), did not increase in liraglutide-
treated patients and remained below the upper normal
ranges for men and women for the duration of the study
(92-94). This is in contrast to dose-dependent increases in
calcitonin that have been observed in rodents given lira-
glutide (92). A total of 6 cases of thyroid C-cell hyperpla-
sia have been reported in clinical trials with liraglutide
treatment, compared with 2 cases for controls (1.3 cases
per 1,000 patient-years versus 1.0 cases per 1,000 patient-
years) (90).

A pooled analysis of 19 RCTs by MacConell et al
(95) which investigated exenatide BID showed an expo-
sure-adjusted incidence rate of thyroid neoplasms of 0.3
per 100 patient-years compared with zero cases per 100
patient-years for comparators. In an integrated analysis of
10 studies evaluating once-weekly exenatide conducted by
the Buropean Medicines Agency (EMA), no cases of MTC
were reported (96). While the EMA has currently identi-
fied no association between once-weekly exenatide and
any malignant neoplasms, future data from ongoing trials
and analyses of databases will be monitored.

GLP-1 Receptor Agonists, Dipeptidyl Peptidase-4
(DPP-4) Inhibitors, and Pancreatic Cancer

Based on data gathered from the FDA adverse event
databases, GLP-1 receptor agonists and DPP-4 inhibitors
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may be associated with significantly elevated risks of
acute pancreatitis. This has led to speculations about the
theoretical possibility of increased incidence of pancreatic
cancer (97). However, it is believed that pancreatic tissue
requires long-term chronic inflammation to invoke can-
cer development rather than episodic inflammation due
to acute episodes (98.99). In fact, Yachida (100) states
that the average time for the development of a pancreatic
intraepithelial neoplasia from initiation to the first tumor
cell is approximately 12 years, with another 10 years until
metastatic pancreatic cancer occurs. Because it has been
less than 8§ years since the introduction of the first drug in
the incretin class (exenatide in 2005), there would not have
been enough time for a definitive exposure—cancer devel-
opment relationship to be established. On the other hand,
one cannot exclude the possibility that exposure to these
pharmacological classes could theoretically serve as an ini-
tiating event or even act to promote an established mutated
cell line. From epidemiological data, it is known that the
median age of diagnosis of pancreatic cancer is 59 to 64
years, depending on BMI (101). It is possible that patients
may have pancreatic cancer without symptoms prior Lo
drug exposure. At this time, no randomized controlied pro-
spective human study of GLP-1 receptor agonists or DPP-4
inhibitors has conclusively shown that these drug classes
play a role in the genesis of pancreatic cancer.

Regarding the pancreatitis risk for exenatide, results
from two retrospective cohort studies indicate no risk
of pancreatitis (102,103), while one study indicates an
increased risk for past users but not for recent or current
users (Table 7) (104). For sitagliptin, a pooled analysis by

Table 7
GLP-1 Agonists, DPP-4 Inhibitors, and the Risks of
Pancreatitis and Pancreatic Cancer

étudy_group I Risk | 95% CI
Acute Pancreatitis: Exenatide
Dore et al 2011 (104) Rate ratio (current use) 0.5 [0.2-0.9
Rate ratio (recent use) 1.12 04-32

o Rate ratio (past use) 2.8 1.6-4.7
Elashoff et al 2011 (97) OR 10.68 Not given, P =2 x 107'6
Garg et al 2010 (103) HR 0.9° 0.6-1.5
Dore et al 2009 (102) RR 1.0 0.6-1.7
Acute Pancreatitis: Sitagliptin B
‘Garg et al 2010 (103) HR 0_.9" 106713 B
Dore et al 2009 (102) _|RR10 - 0.5-2.0 .

 Pancreatic Cancer: Exenatide

Elashoff et al 2011 (97) | OR 2.95

| Not given; P =9 x 10

4 Propensity score-adjusted.

liver disease, and drug therapy.

Abbreviations: CI = confidence interval; DPP-4 = dipeptidyl peptidase-4; GLP-1 = glucagon-
like peptide-1; HR = hazard ratio; OR = odds ratio; RR = relative risk.

b Adjusted for age, sex, hypertriglyceridemia, alcohol abuse, biliary stone disease, cholestatic
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Engel et al (105) of 19 RCTs reported the rate of pancre-
atitis to be 0.08 events per 100 patient-years versus 0.10
events per 100 patient-years for patients not treated with
sitagliptin (difference versus nonexposed, —0.02; 95% CI,
—0.20-0.14). Two retrospective cohort studies indicate that
sitagliptin has a risk of pancreatitis similar to that of sul-
fonylureas and metformin (102). Patients taking sitagliptin
have the same pancreatitis incidence as control patients
with diabetes, at 5.6 cases per 1,000 patient-years (103).
There have been postmarketing reports of acute pancreati-
tis and necrotizing pancreatitis associated with both exena-
tide and sitagliptin (106,107); however, these events appear
to be rare. The use of both DPP-4 inhibitors and GLP-1
receptor agonists is currently discouraged in patients with
a history of acute pancreatitis (90,91,108-112).

In March 2013, the FDA released a safety communi-
cation stating that the agency was evaluating a new study
(113) that suggested an increased risk for precancerous
cellular changes in patients with T2D treated with incretin
mimelics (114). We added this information for the sake of
completeness, although the quality, relevance, and impor-
tance of the study are not clear.

In summary, although incretin-based therapies have
been associated with a few reports of acute pancreatilis,
causal mechanisms have not been established. Moreover,
the link to pancreatic cancer is unclear; pathophysiology
suggests that a long history of chronic pancreatitis is most
likely to be associated with the development of pancreatic
neoplasia rather than acute pancreatitis.

Sodium-Glucose Cotransporter 2
(SGLT2) Inhibitors

Within the SGLT2 inhibitor drug class, dapaglifiozin,
which is not approved in the United States but is approved
in Europe, was implicated with an increased incidence of
breast and bladder cancer (115). The increased incidence
was not statistically significant (116), nor has it been fur-
ther substantiated. The other members of the class, in par-
ticular the now approved canagliflozin, have not shown
any cancer signal and are not presently implicated in can-
cer development (115).

Insulin

Due to the proposed mechanistic association of
endogenous hyperinsulinemia with cancer growth and
promotion, there is a concern that exogenously adminis-
tered insulin may amplify the cancer development process.
There is evidence from RCTs demonstrating the relative
safety of insulin in patients with diabetes with respect
to malignancies. The Outcome Reduction with an Initial
Glargine Intervention (ORIGIN) study was a RCT that
investigated the impact of insulin glargine compared with
standard of care for the reduction of cardiovascular out-
comes over approximately 6 years of treatment. The rate of
cancer incidence was comparable at about 7.6% in both the
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insulin glargine and standard-care treatment groups (117).
Long-term insulin glargine use was not associated with an
increased risk of any cancer (HR, 1.0; 95% CI, 0.88-1.13)
or cancer death (HR, 0.94; 95% CI, 0.77-1.15) (117), con-
firming earlier findings by Home et al (118).

Retrospective database analyses provide additional,
albeit conflicting, information about the insulin—cancer
risk. Insulin treatment alone has been associated with a
slightly increased risk of cancer incidence (adjusted HR,
1.44;95% CI, 1.23-1.67) (119) and cancer mortality (HR,
1.13; 95% CI, 1.01-1.27) (66). However, when look-
ing at patients taking insulin and metformin together, the
increased cancer incidence and mortality risks are reduced
and are no longer statistically significant (66,120). Cancer
risk with insulin therapy has also been observed to rise with
an increasing number of yearly prescriptions compared to
metformin (120). For insulin glargine, daily doses of 10,
30, and 50 units have been associated with cancer HRs of
1.09 (95% CI, 1.00-1.19), 1.19 (95% C1, 1.10-1.30), and
131 (95% CI, 1.20-1.42), respectively, compared with
other insulins (121).

There has been recent concern that insulin glargine
use may be associated specifically with increased breast
cancer risk (122), particularly for patients with T2D and
more than 5 years of insulin use (123). More recent studies
of large-scale patient databases by the University of North
Carolina, Kaiser Permanente of Northern California, and
an BMA-commissioned study of Northern European data
(124-127), and especially the prospective ORIGIN trial
(117), ultimately showed no increased risk of cancer with
insulin glargine use, despite previous observational reports
of potential increased breast cancer risk. An updated meta-
analysis conducted from data in the EMA-commissioned
study indicated a summary RR of 0.9 (95% CI, 0.82-0.99)
for all cancerand 1.11 (95% ClI, 1.0-1.22) for breast cancer
(128).

Medications Summary

The contribution of diabetes therapy to cancer develop-
ment, if at all, appears to be relatively small or nonexistent
(Table 8). Prospective clinical studies are not long enough
to adequately capture the timeframe of cancer develop-
ment; thus, it is appropriate for clinicians to remain vigi-
lant based on available evidence. For medications found to
be significantly associated with cancer risk, the observed
risks or hazards were generally 2-fold or less. Various
confounders or poor methodology and study designs may
have impacted the observed results. For context, observed
risks of 5-fold or higher would represent a signal for safety
concerns. For most people with diabetes, the benefits of
treatment should take precedence over concerns for poten-
tial low-grade cancer risk until more definitive evidence
becomes available. The recommendation to consider can-
cer risk in making medication choices for patients al very
high risk of first cancer occurrence or cancer recurrence
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Summary of Diabetes Medications and Cancer Risk

Medication class | Summary of cancer risk

Metformin No discernible cancer risk
Possible protective benefits on cancer outcomes

TZDs

Rosiglitazone No evidence of cancer risk

Pioglitazone Possible risk of bladder cancer at chronic high doses (>24 months and

~ |>28,000-mg cumulative dose)

SGLT2 Inhibitors No evidence of cancer risk
Incretins

GLP-1 agonists No evidence of MTC or pancreatic cancer in humans

DPP-4 Inhibitors | No evidence of MTC or pancreatic cancer in humans B
Insulins Concern of cancer risk at very high doses

Abbreviations: DPP-4 ;_di;;ef;lidyl peptidase-4; GLP-1 = glucagon-like peptide-1; MTC = medullary thyroid
carcinoma; SGLT2 = sodium-glucose cotransporter 2; TZDs = thiazolidinediones.

(129) is prudent. The evidence suggesting a protective
effect of metformin and other antihyperglycemic medica-
tions against cancer is interesting, but data are limited at
this time. Multiple planned and currently ongoing clinical
trials may help to shed some light on the protective effects
of metformin (79).

IMPLICATIONS FOR PRACTICE

Based on the evidence reviewed, we recommend that
healthcare professionals consider the following points for
clinical practice:

¢ Obesity and diabetes are associated with statistically
significant and clinically important increased risks
of multiple malignancies. This suggests that cancer
screening and counseling on lifestyle changes should
be a part of regular preventive care in people with obe-
sity and/or diabetes.

= Conversely, individuals who develop “typical” obe-
sity-related cancers, especially at a younger age,
should be screened for metabolic abnormalities like
insulin resistance, metabolic syndrome, diabetes, and
cardiovascular disease.

e Cancer screening tests of proven benefit for malignan-
cies (breast cancer, colon cancer, skin cancer, etc.) in
at-risk individuals should begin relatively early. For
example, if regular screening for colon cancer starts
at age 50, the clinician may consider starting to screen
at age 40, as is customary for people with a high risk
or family history of colon cancer. Future screenings
should be based on current existing recommendations.

* Based on currently understood mechanisms for the
development of cancer in obesity and diabetes, proper
nutrition management, weight loss, and exercise are

equally important to the management of people with
cancer as it is to people with obesity and diabetes.
Several antihyperglycemic medications have been
suggested to play a role in the development of certain
cancers. The evidence implicating these medications
is primarily based on basic research and descriptive
epidemiologic studies useful to formulate, not test,
hypotheses. To detect reliably the most plausible small
to moderate effects requires large-scale randomized
evidence. The current totality of evidence should not
change clinical practice, though clinicians should be
alert to the potential risk and should monitor patients
more closely.

It generally takes many years for cancer to occur clini-
cally, following a complex process of initiation and
promotion. Short exposure to any new medication
may—bul is less likely to—result in clinical cancer
development. It is also plausible that the growth of
a previously initiated cancer could be promoted by
medicalions.

At present, the totality of available evidence sup-
ports the need for astute clinical judgment in which
remote yet plausible cancer risks are weighed against
suboptimal glycemic control and higher likelihoods
of diabetes complications, especially microvascular,
but also macrovascular complications. When prescrib-
ing antihyperglycemic medications, a comprehensive
risk-benefit analysis must be performed to include an
assessment of the baseline personal and familial risk
of malignancies in specific organ systems.

Patients with diabetes undergoing treatment for
malignancies should have rigorous and multifacto-
rial approaches to the control of their diabetes. For
inpatients, aggressive glycemic management has been
associated with improved outcomes.
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*  There is emerging evidence indicating that metformin
and possibly TZDs are associated with lower risks of
certain cancers and even may aid as adjunctive therapy
in cancer management. Nonetheless, it is premature to
prescribe metformin and TZDs solely for these as yet
unproven indications.

* The sum of evidence implicating antihyperglyce-
mic medications in the development or promotion of
certain cancers is less persuasive. Healthcare profes-
sionals should have greater confidence in prescribing
all FDA-approved antihyperglycemic medications
according to current clinical practice recommenda-
tions. Clinicians should exercise caution when choos-
ing medications implicated in the etiology of cancer
for patients with the specific organ-related risk.

FUTURE STEPS AND RESEARCH

Given the long duration between exposure to a car-
cinogen and the development of clinically apparent cancer,
large-scale randomized evidence is necessary to detect the
most plausible small to moderate effects. A RCT designed
to detect a change in risk for overall cancer or a specific
cancer, assuming historical rates of occurrence of 1.0 and
0.1%, respectively, would require a total of approximately
25,000 and 250,000 patients, respectively (130). While
such trials may be less [easible and too costly, even well-
designed observational analytic studies are hypothesis-
generating for small Lo moderate effects.

Multiple questions about the relative contributions of
obesity and diabetes to cancer development remain. For
instance, what role, if any, does various levels of hypergly-
cemia play? Do patients with diabetes and controlled glu-
cose levels have a decreased risk of cancer compared with
those with uncontrolled glucose levels? It is clear that the
basic research in the development of cancers in obesity and
diabetes is in its very early stages. Indeed, there is a need
for worldwide collaboration, and we call on researchers
and academic centers to develop appropriate and needed
prospective basic and clinical research.

In light of concerns about diabetes-related medica-
tions, future studies should be designed a priori to detect
cancer-related outcomes in addition to standard measures
of efficacy and safety. Phase 3 randomized trials with lon-
ger follow-up times would also be helpful. Greater care
and attention to detail are required when communicating
scientific data (o the community at large and the media.
The media should be aware of the implications and poten-
tial harms of communicating outcomes without relevant
caveals or perspectives.

Obesity is becoming the leading avoidable cause of
premature mortality in the world and a leading cause of
a variety of health risks, including diabetes and certain
cancers; therefore this major risk factor requires preven-
tive and therapeutic interventions. In particular, a focus on
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children is critical to prevent the further growth of obesity,
diabetes, and cancer. Multidisciplinary programs which
include basic researchers, epidemiologists, oncologists,
endocrinologists, primary care clinicians, and others are
critical to understanding and advancing the science.

CONCLUSION

Epidemiology demonstrates a significant increase of
cancer in obesity, insulin-resistant states (i.e., metabolic
syndrome and polycystic ovary syndrome), and ultimately
diabetes. Basic science has suggested plausible mecha-
nisms linking these conditions to the development of
cancer. Although medications to treat the hyperglycemia
of diabetes have been implicated in increasing the risk of
cancer, the totality of evidence is less persuasive, and there
is a need for current vigilance and future research. At pres-
ent, it is necessary to effectively treat hyperglycemia and
ensure that the risks of adverse diabetes-related outcomes
are minimized in patients. There is currently insufficient
evidence to warrant withholding of the use of certain
glucose-lowering medications on the basis of cancer con-
cerns. The majority of data linking diabetes medications to
cancer arise from meta-analyses of trials not designed to
test the hypothesis and observational analytic studies thal
are subject to bias and confounding. At present, caution
and proper monitoring are essential pending the results of
RCTs of sufficient size and duration, which are required to
minimize the roles of bias, confounding, and chance. It is
important to keep in mind that the chronology of cancer
development is generally far longer than the time period
in which most clinical trials are conducted. The entirety
of evidence concerning the interrelationships of obesity, as
well as diabetes and its therapies, is incomplete. Further
collaborative research between clinicians, including endo-
crinologists and oncologists, as well as basic, clinical, and
epidemiologic researchers, is necessary to complete the
evidence on these complex issues.
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Abstract

A recent autopsy analysis asserted that incretin drugs have the potential of increasing the risk for pancreatic cancer and for
pancreatic neuroendocrine tumors. We examined the Network for Pancreatic Organ Donors with Diabetes (nPOD) database
from which that analysis was derived. Our findings raise important questions about the comparability of the two groups of
diabetes patients used for the analysis. Our review of the data available on the nPOD Web site and our reading of the earlier
article lead us to the conclusion that the data, and the implications of the data, as expressed by the authors of the autopsy
analysis are vastly overstated and are a misrepresentation of the information available.

Introduction

INCRETIN-BASED THERAPIES for type 2 diabetes mellitus
(DM) have been available since the introduction of exena-
tide, a glucagon-like peptide-1 (GLP-1) receptor agonist, in
2005 and the introduction of sitagliptin, a dipeptidyl pepti-
dase-4 inhibitor, in 2006.! Subsequently, several additional
drugs in each of these classes have been introduced. These
have been shown to be effective glucose-lowering agents that
minimize the risk of hypoglycemia.? Moreover, meta-analyses
suggest that these two classes of agents may have a beneficial
effect on cardiovascular outcomes,> and thus there are large
ongoing randomized controlled trials with each of them, de-
signed to determine whether there is indeed a cardiovascular
benefit. Both classes of agents are included in current treat-
ment guidelines of the American Diabetes Association and the
European Association for the Study of Diabetes® and of the
American Association of Clinical Endm:ri.ncnl(:;g,ists,6 None-
theless, there have been reports to the U.S. Food and Drug
Administration Adverse Event Reporting System of cases of
pancreatitis, which has resulted in warnings being added to
the label of GLP-1 receptor agonists. The original report and
label change may have led to a “notoriety” bias in reporting,
as several analyses of insurance company databases have
failed to confirm such a risk. The evidence about this has
recently been reviewed.” Yet, the potential risks of incretin-
based therapies have been continually emphasized by Butler
and colleagues.’® Recently, Butler et al.’® presented an au-
topsy analysis in which they asserted that these drugs have a
potential of increasing the risk for pancreatic cancer and for
pancreatic neuroendocrine tumors. An accompanying com-
mentary by Kahn'' raised important questions about the

analyses reported. Because the specimens and material came
from the Network for Pancreatic Organ Donors with Diabetes
(nPOD),12 an open-access network funded by the JDREF, and
because nPOD users have access to the nPOD Web site and
may review online both the subject characteristics and the
pathology, we decided to review the data in detail, particu-
larly in view of the contrasting commentary by Kahn,"

Materials and Methods

The nPOD Web site (http://path-aperio.ahc.ufledu) was
accessed. Using the case numbers reported by Butler et al,*®
each case was retrieved, and the data available on the Web site
were tabulated. Age at diagnosis was calculated by sub-
tracting duration of DM from age. Although we relied pri-
marily on the information tabulated for each case in the nPOD
Web site, a few selected pathology sections were reviewed by
one of us (].L.), a pathologist. The human leukocyte antigen
(HLA) types reported were reviewed to determine whether
subjects had high-risk type 1 diabetes alleles," reconciling
high-risk HLA with current nomenclature.'* The groupings of
subjects were the same as that used by the authors of the
original report'” (i.e., DM subjects treated with incretins [DM-
incretin] [n=8], DM subjects not treated with incretins [DM-
other] [n=12], and control subjects without DM [Control]
[n=14]). Pancreas weight was obtained from Supplementary
Table 1 of Butler et al.'

Results

Clinical characteristics of individual subjects are shown in
Table 1, which is similar in construct to Table 1 of Butler
et al.,’® but our Table 1 includes all ficlds available on the

Departments of "Medicine and 2Pathology and ®Diabetes Research Institute, University of Miami Miller School of Medicine, Miami,

Florida.
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TaBLE 1. REVIEW OF CLINICAL AND PATHOLOGICAL FEATURES FROM THE NETWORK
FOR PANCREATIC ORGAN DONORS WITH DIABETES DATABASE

Group, Age
case Age  Duration (years) at BMI Auto- C-peptide
number (years) (years) diagnosis Gender ~ Race  (kg/m®)  Treatments Cause of death HLA antibodies  (ng/mL)

DM-incretin group
6157 74 1 73 F African 39 Sitagliptin ICH/stroke A*01/02, Negative 2.74
American B*08/51,
DR*04/09,
DQ*07/09
6185 46 15 31 ° M African 41 Sitagliptin, Anoxia A*03/74, Negative 26.42
American metformin B*42/53,
DR*18/11,
DQ*04/06
6186 68 5 63 M White 21 Sitagliptin, ICH/stroke A*11/20, Negative 2.98
metformin B*07/49,
DR*07/15,
DQ*02/02
6189 49 26 23 F White 36 Exenatide, Stroke A*11/-, IAA-positive 1.85
metformin, B*27/35,
glipizide DR*103/-,
. DQ*05/-
6199 53 20 33 M African 30 Sitagliptin, ICH/stroke A*03/30 Negative 8.87
American insulin B*44/63
DR*01/12
DQ*05/-
6194 47 13 34 M White 24 Sitagliptin, ICH/stroke A*02/03, Negative 0.16
insulin B*55/57,
DR*04/07,
DQ*08/09
6203 68 5 63 M White 33 Sitagliptin, Stroke A*24/33, Negative 6.24
metformin B*35/65,
DR*0/11,
DQ*05/07
6206 59 10 49 M White 42 Sitagliptin, Stroke A*02/26, Negative 11.15
metformin B*38/62,
DR*04/13,
DQ*06/08
DM-other group
6028 33 17 16 M African 30 Insulin Gunshot A*02/-, Negative 224
American B*44/45,
DR*14/-,
DQ*05/-
6059 18 03 17.7 F  Hispanic 39 None CVD A*02/11, Negative 10.68
B*35/50,
DR*07/08,
DQ*02/0
6108 57 2 55 M Asian 30 Metformin ICH/stroke A*11/24, Negative 1.25
B*38/-,
DR*15/-,
DQ*05/-
6110 20 0.2 19.8 F African 40 None ICH/stroke, DKA A*23/34, Negative 0.58
American B*65/53,
DR*18/15,
DQ*04/06
6109 48 - F Hispanic 33 None ICH/stroke, DKA A*02/68, mlAA+ <0.05
B*35/39,
DR*14/16,
DQ*07/-
6114 42 2 40 M White 31 Metformin Asphyxiation A*03/31, Negative 0.58
(noncompliant) B*07/62,
DR*07/15,
DQ*06/09
6124 62 3 59 M White 34 Metformin 1CH/stroke A*29/-, Negative 2.85
B*27/45,
DR*04/15,
DQ*06/07
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HbAlc p-Cell o-Cell Ductal
(%) Histopathology hyperplasia hyperplasia  Pancreatitis  Amyloid  dysplasia Other
6.9 Few islets; islet amyloid; no a-cell Amyloid
hyperplasia
NA  Neuroendocrine tumor; a-cell hyperplasia p-Cell a-Cell
(follicular); f-cell hyperplasia hyperplasia hyperplasia
(follicular)
NA  Chronic pancreatitis; exocrine atrophy; a-Cell Pancreatitis
a-cell hyperplasia (follicular); islet hyperplasia
amyloid
NA  Chronic pancreatitis; exocrine atrophy; B-Cell a-Cell Pancreatitis
a-cell hyperplasia (follicular); f-cell hyperplasia hyperplasia
hyperplasia (follicular)
NA  Islet amyloid; a-cell hyperplasia o-Cell Amyloid
(follicular); fibrosis hyperplasia
7.3 o-Cell hyperplasia; f-cell hyperplasia; B-Cell a-Cell Renal
PP-cell hyperplasia; acinar atrophy hyperplasia hyperplasia transplant;
acinar
atrophy
NA  Exocrine atrophy; a-cell hyperplasia p-Cell a-Cell Exocrine
(follicular); f-cell hyperplasia; hyperplasia hyperplasia atrophy
PP-cell hyperplasia
85  Chronic pancreatitis; ductal hyperplasia; p-Cell a-Cell Pancreatitis Ductal
microadenoma pan-tail; a-cell hyperplasia hyperplasia dysplasia
hyperplasia (tail only); j-cell
hyperplasia (tail only)
NA  o-Cell hyperplasia (head, body); some B-Cell o-Cell Amyloid
B-cell hyperplasia (tail); few f-cells in hyperplasia hyperplasia
head and body; kidney complications
NA  o-Cell hyperplasia (follicular; especially f-Cell a-Cell
in tail and body); f-cell hyperplasia hyperplasia hyperplasia
(head, body, and tail)
NA  Islet amyloid (tail); pancreatic stone; Amyloid
no obvious #- or a-cell hyperplasia
NA  Few f-cells; a-cell hyperplasia (follicular; a-Cell
especially in tail and body) hyperplasia
8 Islet amyloid; no obvious - or «-cell Amyloid
hyperplasia (maybe mild for a-cell in
tail); PP-cell hyperplasia (head)
7.8  lslet amyloid; fibrosis; a-cell hyperplasia B-Cell o-Cell Amyloid
(follicular; especially tail and body); hyperplasia hyperplasia
B-cell hyperplasia follicular in tail); few
f-cells in head
NA  Islet amyloid; hypertrophied islets, some B-Cell a-Cell Amyloid
with massive a-cell hyperplasia (tail hyperplasia hyperplasia
and body, also follicular in head); some
B-cell hyperplasia (tail and body), but
few f-cells in head
(continued)
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TapLi 1. (CONTINUED)

Group, Age
case Age  Duration (years) at BMI Aulo- C-peptide
number (years) (years) diagnosis Gender  Race (ke/m?)  Treatments Cause of death HLA antibodies  (ng/mL)

6127 44 10 M F White 30 Insulin ICH/stroke At01/02, mlAA + 0.08
B*08/56,
DR*04/17,
DOr02/08
6133 45 20 25 F White 40 Insulin CcvVD A02/03, Negative .84
B*37/60,
DR*10/15,
DQ05/06

6139 37 1.5 35.5 F  Hispanic 45 None Seizure A®02/30, Negative 0.6
B*60/57,
DR*04/15,
DO*08/06

6142 29 14 15 F  Hispanic 34 None Bacterial A*24/80, mlIAA + 0.19
meningitis B"39/58,
DR*14/01,
DQ07/05

6149 39 20 19 R African 29 Insulin ICH/stroke A*30/66, GAD+ 11.55
American B*07/53,
DR*09/15,
DO*02/06

Control group
6009 45 NA M ‘White 31 NA Anoxia A*11/29; Negative 11.32
B*50/57,
DR*07/15,
DQ06/-
6015 39 NA F White 32 NA Anoxia At02/02, Negative 1.99
B*14/51,
DR*01/04,
DY/

6012 64 NA F White 31 NA Cerebrovascular/ AM02/31, Negalive 297
stroke B*07 /60,
DR*15/04,
DO*06/08
6016 42 NA M White 31 NA Cerebrovascular/ A*02/03, NA
stroke B*07/60,
DR*13/15,
DQ*not
tested
6019 68 NA F White 24 NA Head trauma A*01/03, Negative 0.47
B*08/35,
DR*01/17,
DQ*not
tested
6020 60 NA M White 30 NA Cerebrovascular/ DRB1°07:01/  Negative 2.82
stroke 13:01
DQA1*
01:03/
02:01...
6022 75 MNA M White 31 NA Cerebrovascular/ AD2/03, Negative 499
stroke B*44/60,
DR*04/-,
DQ*03/-
6034 32 NA F White 25 NA Head trauma A*03/-, Negative 315
B*07/62,
DR*01/08,
DO*05/04
GO&D 23 NA M White 33 NA Head trauma AM3/24, Negative 13.63
13*51/39,
DR*01/11,
NS /07
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HbAlc
(%)

Histopathology

B-Cell
hyperplasia

o-Cell
hyperplasia

Pancrealitis

Amyloid

Ductal

dysplasia Other

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Few f-cells, but in big islets (with
amyloid?); a-cell hyperplasia (follicular,
head, body, and tail)

Pancreatitis; severe exocrine atrophy;
marked islet amyloid; few - or a-cells
and, when detected, in big amyloid-
ridden islets; PP-cell hyperplasia
(follicular, head)

Pancreatic duct with dysplasia and
numerous a-cells (body); some islet
amyloid; f-cell numbers appear near
normal; marked a-cell hyperplasia
(head, body, and tail)

B-Cells reduced; moderate acinar atrophy,
fibrosis, and ductular dysplasia; some
islet amyloid; one lobe (body) with
marked f- and a-cell hyperplasia
(38712; 38387)

Some acinar atrophy; islet amyloid;
increased ductal Ki67 (head); few
p-cells, possible LADA; a-cell
hyperplasia (follicular; head, body,
and tail); massive islet in duct cell
mass very Glgn+, but some Ins +
too (41521 and 41434)

Numerous islets; seemingly normal
f-/o-cell distribution

Gastric bypass 6 years previously; marked
PP-cell hyperplasia in one lobe (46176);
odd ductal-like structure with Ins +
cells and CD3 infiltrate (14221 and
1458)

Chronic pancreatitis (head); many islet
f-cells (tail); Ins+ cells in ducts (no
a-cell staining available); islets seem OK
in head

o-Cell hyperplasia (follicular; tail, 26401);
f-cell hyperplasia (follicular; tail,
50711); islets appear normal in head
except one lobe where many PP-cells
and few f-cells (45608)

Area of marked a-cell (not fcell)
hyperplasia in head (duct region) 18805,
18932, and 18660; tail seemns OK with
many islets

Chronic pancreatitis; fibrosis; acinar
atrophy; area of marked a-cell
hyperplasia in tail (37252 duct region;
14476 and 14484 Ins adjacent sections);
same in head (14224)

Severe acinar atrophy; islet amyloid; few
B-cell; many a-cells; indications of a-cell
hyperplasia (tail, 57570); f-cell
hyperplasia follicular (tail, 45583)

Seems normal

Pancreatitis, chronic and acute; seems
normal; more S-cells than a-cells in
most lobes

p-Cell
hyperplasia

o-Cell
hyperplasia

a-Cell
hyperplasia

a-Cell
hyperplasia

a-Cell
hyperplasia

a-Cell
hyperplasia

o-Cell
hyperplasia

a-Cell
hyperplasia

o-Cell
hyperplasia

Pancreatitis

Pancreatitis

Pancreatitis

Amyloid

Amyloid

Amyloid

Amyloid

Amyloid

Amyloid

Amyloid

Ductal
dysplasia

Ductal
dysplasia

Gastric
bypass

Acinar
atrophy

(continued)
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614 HARJA ET AL.
TasLE 1. (CONTINUED)
Group, Age
case Age  Duration (years) at BMI Auto- C-peptide
number (years) (years) diagnosis Gender  Race  ( kg/m?)  Treatments Cause of death HLA antibodies  (ng/mL)
6097 43  Preclinical F White 36 NA Cerebrovascular/ A*02/11, Negative 16.76
2D stroke B*44/55,
DR*01/14,
DQ*05/-
6099 14 NA M White 30 NA Head trauma DR*13/15, Negative 5.37
DQ*06/06
6102 45 NA F White 35 NA Cerebrovascular/ DR*04/17, Negative 0.55
stroke DQ*02/0
6158 40 NA M White 30 NA Head trauma A*03/24, GAD+/ 0.51
B1*49/62, mIAA+
DR*04/13,
DQ*06/07
6165 45 NA F White 25 NA Cerebrovascular/ A*01/02, Negative 4.45
stroke B*08/38,
DR*13/15,
DQ*06/-

CVD, cardiovascular disease; DKA, diabetic ketoacidosis; DM, diabetes mellitus; GAD, glutamic acid decarboxylase; Glgn, glucagon;
HbAlc, glycated hemoglobin; IAA, insulin autoantibodies; ICH, intracerebral hemorrhage; Ins, insulin; LADA, latent autoimmune diabetes;
mIAA, multiple insulin autoantibodies; NA, not available; PP, pancreatic polypeptide producing; T2D, type 2 diabetes.

nPOD Web site and thus provides all available data tabulated
on the nPOD Web site. The last six columns summarize key
pathological findings, enabling one to see at a glance which
subjects had which findings. These findings are taken directly
from the Web site and do not involve our own review of the
pathology.

Table 2 summarizes by group the frequency of several
parameters noted in Table 1 and also includes mean pancreas
weight for each group.

It can be seen that there is an 18-year difference in mean age
of the two DM groups, with the DM-incretin group having a
mean age of 58+4 years and the DM-other group having a

TABLE 2. TABULATION OF DIFFERENT FEATURES
AMONG THE THREE GROUPS

Group
DMe-incretin DM-other Control

n 8 12 14
Age (years) 58 40 45

DM mean (years) 46.9
Gender 6M:2 F 4M8F 7M7F
HLA T1D 2Q25%) 1(8%) 1(7%)
Islet autoantibodies 1 (13%) 4 (33%) 1 (7%)
T1D HLA or ABS 3(38%) 4 (33%) 1 (7%)
T1D HLA or ABS or age at 3 (38%) 7 (58%) 1 (7%)

diagnosis <20 years
Pancreas weight (g) 113.3 79.3 91°
p-Cell hyperplasia 5 (63%) 4 (33%) 3 (21%)
a-Cell hyperplasia 7 (88%) 9 (75%) 6 (43%)
Pancreatitis 3 (38%) 1(8%) 4((29%)
Islet amyloid 2 (25%) 9 (75%) 3 (21%)
Ductal dysplasia 1 (13%) 2 (17%) 2 (14%)

*Weight not available for seven patients.
ABS, antibodies; DM, diabetes mellitus; F, female; HLA, human
leukocyte antigen; M, male; T1D, type 1 diabetes.

mean age of 4014 years. Moreover, the age range for the DM-
incretin group was 46-74 years, whereas the age range for the
DM-other group was 18-62 years, with only three subjects in
the DM-other group being as old as the youngest subject in the
DM-incretin group. Thus, the ages were essentially nonover-
lapping. Five of the subjects in the DM-other group were di-
agnosed prior to 20 years of age, in contrast to none of the
subjects in the DM-incretin group. The mean age at diagnosis
in the DM-other group was 20.7 years, in contrast to a mean
age at diagnosis of 46.1 years in the DM-incretin group. Mean
duration of diabetes in the DM-other group was 6.4 years, in
contrast to the DM-incretin group, in which it was 11.9 years.
Unfortunately, the duration of incretin therapy is not stated
on the nPOD Web site. In the DM-incretin group 75% of the
subjects were male, whereas only 33% of the DM-other sub-
jects were male. Five of the subjects in the DM-other group
were on no diabetes therapy, and four subjects were being
treated only with insulin; in the DM-incretin group, seven
subjects were treated with sitagliptin, one subject was treated
with exenatide, and two of the subjects also were being trea-
ted with insulin. Two subjects in the DM-other group died in
diabetic ketoacidosis. Only one (13%) of the DM-incretin
subjects had a diabetes autoantibody, in contrast to four (33%)
of the DM-other subjects. High-risk HLA was present in two
subjects in the DM-incretin group (subject #6194 and subject
#6206) and one subject in the DM-other group (subject #6127).
In total, three (38%) subjects in the DM-incretin group had
either high-risk HLA or autoantibodies, whereas in total
seven (58%) subjects in the DM-other group had either high-
risk HLA or autoantibodies or age at diagnosis of less than 20
years, and an additional subject (diagnosed at 25 years of age)
had been treated only with insulin, raising the possibility that
as many as 67% of subjects in the DM-other group could have
had type 1 DM.

Pancreas weight differed between the groups, as seen in
Table 2. However, it should be noted that seven (50%) of the
subjects in the control group without DM did not have their
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HbAlc
(%)

p-Cell

Histopathology hyperplasia

Ductal
dysplasia

o-Cell

hyperplasia Pancreatitis  Amyloid Other

7.1  Exocrine atrophy; Interesting area
of - and a-cell hyperplasia in body
(22825 and 22887) and in tail; islet
numbers low in head

Some pancreatitis; CD3+ infiltrates;

islets seem normal

6.1  Islets mostly OK except for interesting
area of f- and «-cell hyperplasia in tail
(23982 and 23638)

5.6  Exocrine atrophy; mild ductular
dysplasia; focal chronic pancreatitis;
massive PP-cell hypertrophy (head);
few fi- and o-cells there; few islets on
body and tail

5.6  Ductular dysplasia and metaplasia in
head and tail (many Ins+ cells there);
islets seern OK otherwise

p-Cell
hyperplasia
NA

B-Cell
hyperplasia

Preclinical
12D

a-Cell
hyperplasia

CD3
infiltrate

Pancreatitis

o-Cell
hyperplasia

Ductal
dysplasia

Pancreatitis PP staining

Ductal
dysplasia

pancreas weight noted, thus making the control group num-
ber unreliable.

Based on the descriptions on the nPOD Web site, S-cell
hyperplasia was more often noted in the DM-incretin group,
being found in five (63%) subjects in comparison with four
(33%) of the DM-other subjects. In contrast, a-cell hyperplasia
was noted in a large number of subjects in both groups with
diabetes: seven (88%) DM-incretin subjects and nine (75%)
DM-other subjects. Pancreatitis was noted to be present in
three (38%) DM-incretin subjects and only one (8%) DM-other
subject but was also noted in four (29%) control subjects. Islet
amyloid was noted in only two (25%) DM-incretin subjects
but in nine (75%) DM-other subjects. Ductal dysplasia was
noted more or less equally in all three groups.

Discussion

There is a clear and unambiguous difference between the
DMe-incretin and DM-other groups. Butler et al.'’ asserted that
“pancreata were also obtained from 14 non diabetic (ND)
controls matched by age, sex and BMI [body mass index] with
the two DM treatment groups” and in the abstract asserted
“examination of pancreata from age matched organ donors
with type 2 diabetes (DM) treated by incretin therapy (n=8) or
other therapy (n=12) and non diabetic controls (n=14).” Al-
though it is true that if you add the two DM groups together
the mean age is 46.9 years, versus 45 years in the control
group, most of the comparisons and the thrust of the article
was comparison of the two DM groups, which were not
matched for age, with mean age being 40 years in the DM-
other group and 58 years in the DM-incretin group and with
little overlap of age between the DM groups. Likewise, it is
true that 50% of all DM subjects were male, as were 50% of
control subjects, but again 75% were male in the DM-incretin
group, and only 33% were male in the DM-other group. Thus,
we find the statements about matching to be misleading.

Other findings also raise some questions about compara-
bility of the groups. Because pancreas weight was not avail-
able in seven (50%) of control subjects and because the large
increase in f-cell mass in the DM-incretin group was calcu-

lated by Butler et al.'® as the S-cell area x the pancreas weight,
it is important to carefully examine the impact of pancreas
weight on the calculations. Could it be that the crucial finding
is a decrease of pancreatic weight in the DM-other group,
rather than an increase in the DM-incretin group? If the DM-
other group has a substantial number of subjects with covert
type 1 DM, that may be playing a role, as there is a well-
known decrease in weight in type 1 DM.?>¢ If type 1 DM is
present, that might also account for the decrease in f-cell area
in the DM-other group compared with the control group.
And, the accuracy of the control group f-cell mass might be
questioned in that four of the control subjects with the highest
percentage of f-cell area lacked pancreas weight, by which
B-cell mass is calculated. Thus, at the very least, there is an
incomplete dataset for control subjects.

Another potentially important difference between the two
DM groups is that in the nPOD Web site tabulation, amyloid
was noted in nine (75%) of the DM-other subjects but only two
(25%) of the DM-incretin subjects. Because islet amyloid may
reflect f-cell apoptosis, this could contribute to the differences
in B-cell area and mass reported. The presence of amyloid in a
higher proportion of the DM-other subjects may be indicative
that this group has more apoptosis and/or that the DM-
incretin group has less amyloid because incretins are dimin-
ishing apoptosis.

In Butler et al,'® the authors noted “glucagon immunore-
active cells were frequently found in long linear groups or
solid nests of cells either within the duct itself or in the im-
mediate periductal location.” However, they either did not
detect or did not note that such staining could also be found in
at least one control subject without DM (subject #6020), as
shown in Figure 1.

The authors also claimed that there is an increase in pan-
creatic intraepithelial neoplasia (PanIN) cells in the DM-
incretin group but failed to note that previous studies have
shown an age-related increase in PanIN cells.'” The nearly 20-
year difference in age between the two DM groups could
completely account for any difference in PanIN frequency.
Butler et al.'® asserted that GLP-1 receptors may be respon-
sible for increase in exocrine pancreas and in PanIN cells but
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failed to note that there is controversy as to whether GLP-1
receptors are expressed in such tissues, depending on which
antibody is used to measure GLP-1 receptors, with multiple
GLP-1 receptor antibodies, including several used to localize
GLP-1 receptor expression in the pancreas, failing to exhibit
appropriate sensitivity or specificity.'®

Another point to note is that the authors argued that there is
“a-cell hyperplasia, abnormal a-cell distribution and predis-
position to glucagon expressing neuroendocrine tumors pre-
viously reported with suppressed glucagon secretion or
signaling.” However, the three arficles cited include one in
receptor knockout mice, one in receptor-deficient mice, and
one in an individual with a mutation in the glucagon recep-
tor.’* 2! No example is cited of such abnormalities in the set-
ting of suppressed glucagon secretion, a known biological
effect of GLP-1.

Butler et al.'” also argued that f-cell function has not been
shown to be improved on incretin therapies and used the
continued presence of diabetes a year after treatment has
commenced to conclude that the therapies have no effect. In
fact, B-cell function has been carefully measured during
therapy with incretins—both GLP-1 receptor agonists and
dipeptidyl %)eftidase-4 inhibitors—and has been found to be
increased.?? 2* It is true that diabetes has not been reversed,
but improved glycemic control is maintained.

This critique describes our review of the data available on
the nPOD Web site and our reading of the article by Butler
et al.'® From this, we conclude that the data and the impli-
cations of the data, as expressed by Butler et al.,'° are vastly
overstated and seemingly irresponsibly articulated. Their
analysis seems to be more of an alarmist perspective, creating
controversy rather than a neutral and fact-based approach. At
the core of the discussion are limited numbers and many
confounders related to subject history, presentation, and other
subject-specific factors that make their conclusions invalid.
We believe that a much larger sample needs to be examined,
with appropriately matched subjects, including matching of
DM subjects treated with incretins in comparison with DM
subjects treated with other agents. Until such is accomplished,
no conclusions can be made. In the interim, we note that the
American Diabetes Association has launched a complete re-
view of all industry data pertaining to the subject.”> We also
note that while our present critique was under review, the
European Medicines Agency issued a statement that it had
concluded its review prompted by the article of Butler et al.'®
and indicated “no new concerns for GLP-1 therapies identi-
fied on the basis of available evidence.”?

A fundamental premise of all medical interventions is the
calculation of benefit versus risk. In the case of the report by
Butler et al.,!° the beneficial clinical effects of the incretin
drugs were ignored. Every drug should have aggressive
pharmacovigilance to understand the full effects in hetero-
geneous populations. That often requires extensive experi-
ence with the drugs after approval by regulatory agencies.
The irresponsible indictment of two classes of drugs that are
used by millions of people, in our opiniorn, is reprehensible.
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Nonclinical Evaluation of Pancreatic
Safety with GLP-1 Based Therapies

B. Timothy Hummer, PhD, DABT
Supervisory Toxicologist (Acting)
Division of Metabolism and Endocrinology Products
Center for Drug Evaluation and Research
US Food and Drug Administration

Pancreatitis, Diabetes, Pancreatic Cancer Workshop
National Institute of Diabetes and Digestive and Kidney Diseases, NIH

Bethesda, Maryland
June 12 — 13, 2013

Disclail 1 This pr jon does not necessarily represent or convey changes in FDA guidance or policy

Nonclinical Activities to Address
Clinical Safety Signal

Re-evaluated the nonclinical data from Investigational New
Drug (IND) applications and New Drug Applications (NDA)

Required the conduct of a pancreatic safety toxicology
study in a rodent diabetes model

Requested FDA'’s Division of Drug Safety Research to
conduct studies in rodent disease models
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Toxicology Study Description

Conducted with 2 species: rodent and nonrodent
Often conducted at independent contract research labs
Conducted per Good Laboratory Practice regulations (21 CFR 58)

Study designs include an untreated control group and 3 treatment
groups with 10 to 20 rodents/sex/group and 4 to § nonrodents/sex/group

Dose levels range from clinically relevant doses to doses that provide
10- to 100-fold higher exposures than clinical doses

Endpoints include: clinical signs, body weight, food consumption,
hematology, coagulation, clinical chemistry, urinalysis, ECG
measurements (nonrodents), organ weights, gross pathology, and
histopathology for a battery of tissues including pancreas

Additional endpoints can be added as needed

Number of Toxicology Studies Conducted
with GLP-1 Based Therapeutics

35 -

1 5 840 2 475 B GLP1 - Rodent
L e L | GDPP4 - Rodent ||
mGLP1 - Nonradent
mDPP4 - Nonrodent|!

30

Number of Studies
AN

1 Month 3 Months 6-12 Months 24 Months
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Pancreatic Findings in Healthy Animals

« Overt pancreatic toxicity, pancreatitis, or pancreatic tumors were
NOT observed in standard toxicology studies conducted with
healthy animals

« Treatment with GLP-1 based therapeutics occasionally resulted in
small increases in incidence/severity of background lesions in some
studies;

«  Amyloidosis * Acinar cell atrophy
« Islet cell hyperplasia/hypertrophy +  Acinar cell hyperplasia, focal
» Fibrosis

» Lymphocytic infiltration/inflammation * Richhcelhypeipias

+ Unique treatment-related microscopic lesions were not observed

Are There Predisposing Risk Factors?

 Diabetics often have one or more risk factors for
pancreatitis

« Could the clinical signal be a disease-specific
effect, due to other risk factors, or a human-
specific effect?
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Studies in Disease Models

3-month pancreatic toxicity studies in Zucker diabetic fatty
(ZDF) rats

» Conducted by Sponsors as Post-Marketing Requirements
+ Protocols reviewed by FDA prior to study initiation
» The high doses were 10X to >50X of clinical exposure

« Extensive histopathology of the endocrine and exocrine
pancreas and special staining to assess for increased
proliferation, apoptosis, and duct morphology

+ Results of 3 studies have been submitted to FDA
— Liraglutide (Vrang et al., 2012)
— Exenatide (Tatarkiewicz et al., 2013 )
— Sitagliptin (Forest et al., 2013; NIDDK meeting abstract)

Studies in Disease Models - Results

« Data from 3 studies in ZDF rats (153 exposed to drug) did not
show adverse treatment-related effects in the pancreas

+ For one of these studies, FDA pathologists peer reviewed the
pancreatic histopathology slides in a blinded manner (120 slides)

— The opinions of the FDA pathologists largely agreed with the sponsor’s
report with regard to both type and severity of the observed changes

— There were some differences in opinion with regard to the significance
of the changes and the causative role of the drug

— It was concluded that there was insufficient evidence to implicate the
drug in off-target and mild inflammatory changes
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Studies Conducted by FDA

The Division of Metabolism and Endocrinology Products
requested the Division of Drug Safety Research to conduct
independent studies to evaluate the potential effects of GLP-1
based therapies on the pancreas

Objectives
» Confirm findings reported in literature

+ Identify a model! for improved screening of GLP-1 based
therapeutics in development

Models Evaluated by FDA

« Chemically-induced pancreatitis in mice
« ZDF and non-diabetic Sprague-Dawley rats
» C57BL6 mice fed a normal or high-fat diet

« Treatment included metformin, sitagliptin, and/or exenatide for
3, 6, or 12 weeks
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Results from FDA Studies

« Data from the pancreatitis and diabetic rat models did not
confirm a treatment-related pancreatic signal

» High-fat fed C57BL6 mice
— Some apparent treatment-related changes to acinar cells were
detected in mice on HF diet after 12 weeks of treatment with
exenatide.
— The utility of the HF diet mouse model as a regulatory tool for
evaluating the potency of compounds to induce pancreatic injury
needs further evaluation.

1"

Summary

» Nonclinical programs for approximately 50 GLP-1 receptor
agonists and DPP-4 inhibitors have not shown definitive
treatment-related adverse effects in the pancreas

+ Treatment with GLP-1 based therapeutics in a diabetes rodent
model did not result in definitive adverse treatment-related
effects in the pancreas

« Additional studies are warranted to identify a nonclinical model
(in vitro or in vivo) that has regulatory utility (e.g., widely available and
reproducible) in screening for potential pancreatic toxicity from
current GLP-1 based therapeutics in development
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Pancreatic Carcinogenesis
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Abstract
Pancreatic cancer is an almost universally lethal disease. Re-
search over the last two decades has shown that pancreatic
cancer is fundamentally a genetic disease, caused by inher-
ited germline and acquired somatic mutations in cancer-as-
sociated genes. Multiple alterations in genes that are impor-
tant in pancreatic cancer progression have been identified,
including tumor suppressor genes, oncogenes, and genome
maintenance genes. Furthermore, the identification of non-
invasive precursor lesions of pancreatic adenocarcinoma
has led to the formulation of a multi-step progression mod-
el of pancreatic cancer and the subsequent identification of
early and late genetic alterations culminating in invasive
cancer. In addition, an increased understanding of the mo-
lecular basis of the disease has facilitated the identification
of new drug targets enabling rational drug design. The elu-
cidation of genetic alterations in combination with the de-
velopment of high-throughput sensitive techniques should
lead to the discovery of effective biomarkers for early detec-
tion of this malignancy. This review focuses mainly on the
current knowledge about the molecular insights of the
pathogenesis of pancreatic ductal adenocarcinoma.
Copyright © 2008 S. Karger AG, Basel and IAP

Epidemiology

Pancreatic cancer is a disease with a dismal outlook.
In the United States approximately 33,000 patients are
diagnosed with pancreatic cancer annually, and nearly an
equal number will die from the disease, representing
the fourth most common cause of cancer-related mortal-
ity. Men and women have an approximately equal risk
[1]. Worldwide, pancreatic cancer causes an estimated
213,000 deaths each year [2]. For all stages combined, the
1-year survival rate is around 20%, and the overall 5-year
survival rate is less than 5%, despite even the mostaggres-
sive therapies currently available [1].

A number of risk factors have been identified [3]. Pan-
creatic cancer is predominantly a disease of the elderly.
Pancreatic cancer is rare before the age of 40, and the
median age at diagnosis is 73 years. Cigarette smoking is
by far the leading preventable cause of pancreatic cancer
[4]. Cigarette smoking doubles the risk of pancreatic can-
cer (relative risk = 2) [3]. Other risk factors include diets
high in meats and fal, low serum folate levels, obesity,
long-standing diabetes mellitus, and chronic pancreati-
tis [3, 5-7]. Approximately 10% of patients demonstrate
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a familial predisposition for pancreatic cancer, and a
subset of these patients harbor germline mutations in
BRCA2, p16/CDKN2A, PRSS1, STK11/LKBI, or the DNA
mismatch repair genes (see further discussion below). In
the vast majority of patients with familial risk, however,
the underlying genetic predisposition remains un-
known.

Complete surgical resection remains the only curative
treatment. Studies from high-volume centers with opti-
mal staging report up to a 15-20% 5-year survival rate in
patients undergoing surgical resection [8, 9]. The mortal-
ity rate is so high because pancreatic cancer usually only
produces symptoms when it has already metastasized,
and because there are no sensitive and specific tools to
detect the disease at an earlier stage. Although multiple
histological subtypes of pancreatic cancer have been de-
scribed, the most common and deadliest form is pancre-
atic ductal adenocarcinoma [10]. Novel approaches to the
management of patients with this aggressive disease are
urgently needed.

Research over the last two decades has shown that
pancreatic cancer is fundamentally a genetic disease,
caused by inherited germline and acquired somatic mu-
tations in cancer-associated genes. A compendium of al-
terations in tumor suppressor genes, oncogenes, and ge-
nome-maintenance genes that are important in pancre-
atic cancer progression have now been identified (fig. 1).
This review focuses mainly on the molecular insights on
pancreatic ductal adenocarcinoma and its precursor le-
sions, including insights gained through experimental
models of pancreatic carcinogenesis.

Precursor Lesions of Pancreatic Cancer

Prior to a discussion on molecular genetics of pancre-
atic cancer, we will briefly discuss the current state of
knowledge on precursor lesions of the pancreas. This is
essential from the context of separating ‘early’ genetic
changes (i.e. those associated with tumor initiation) from
‘late” abnormalities (i.e. those associated with tumor pro-
gression). A recent review in Pancreatology has extensive-
ly discussed the histology and genetics of pancreatic can-
cer precursors [11]; therefore, we will only discuss these
in fleeting detail. Briefly, pancreatic intraepithelial neo-
plasias (PanINs) are classified into a four tier classifica-
tion, including PanIN-14, -1B, -2, -3, reflecting a pro-
gressive increase in histologic grade culminating in inva-
sive neoplasia (fig. 2). The lowest grade PanIN lesions can
be flat (1A) or papillary (1B), but are characterized by ab-

Pancreatic Carcinogenesis

sence of nuclear atypia and retained nuclear polarity.
PanIN-2 lesions have micropapillary features with evi-
dence of nuclear atypia and infrequent mitoses, while
PanIN-3 lesions (a.k.a. carcinoma in situ) demonstrate
widespread loss of polarity, nuclear atypia, and frequent
mitoses. In addition to microscopic PanIN lesions, there
are now recognized macroscopic (cystic) precursor le-
sions of pancreatic adenocarcinoma - including intra-
ductal papillary mucinous neoplasms (IPMNs) and mu-
cinous cystic neoplasms. Akin to PanINs, the cystic pre-
cursor lesions also demonstrate a multistep histological
and genetic progression to invasive neoplasia. Since
IPMNs and mucinous cystic neoplasms can be detected
by radiologic scans, they represent an opportunity to di-
agnose invasive pancreatic cancer before it can develop
(11].

Tumor Suppressor Genes

Tumor suppressor genes are genes that promote tu-
mor growth when inactivated. Tumor suppressor genes
are recessive, i.e. the two copies need to be mutated for
loss of function, and they can be inactivated by a variety
of mechanisms. First, by an intragenic mutation in one
allele (copy of a gene) coupled with loss of the second al-
lele; second, through a deletion of both alleles (homozy-
gous deletion), and third, by hypermethylation of the
promater of the gene-silencing gene expression. In spo-
radic cancers these alterations are both somatic muta-
tions acquired during life, while patients with inherited
forms of cancer inherit one mutant allele in the germline
while the second allele is somatically mutated in the can-
cer cells.

The pI6INK4A/CDKN2A gene, located on the short
arm of chromosome 9 (9p), is one of the most frequently
inactivated tumor suppressor genes in pancreatic cancer
[12] (table 1). Remarkably, virtually all pancreatic carci-
nomas have loss of pI6INK4A/CDKN2A function, in
40% of pancreatic cancer through homozygous deletion,
in 40% by an intragenic mutation coupled with loss of
the second allele, and in 15% by hypermethylation of the
pI6INK4A/CDKN2A gene promoter (12, 13]. The protein
pl6 belongs to the cyclin-dependent kinase (CDK) in-
hibitor family and functions to prevent the phosphoryla-
tion of Rb-1 by CDKs, and cyclin D-Cdk4 and cyclin
D-Cdké complexes, which act as cell-cycle regulators
(14, 15]. Loss of pI6INK4A/CDKN2A results in inappro-
priate phosphorylation of Rb-1, thereby facilitating pro-
gression of the cell cycle through the G1/S transition [16].

Pancreatology 2008;8:110-125 111
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Thus, the p16/Rb pathway is inactivated in virtually all
pancreatic cancers, leading to an inappropriate progres-
sion through the G1 phase of the cell cycle. Of note, in a
small group of patients, inherited mutations of the
pIGINK4A/CDKN2A gene cause the familial atypical
multiple mole melanoma (FAMM) syndrome, which is
associated with an increased risk of developing melano-
maand an increased risk of developing pancreatic cancer
[17, 18], Particularly, the p16 Leiden deletion, a 19-bp de-
letion, is associated with an increased pancreatic cancer
risk [19].

In addition, the homozygous deletions, which inacti-
vate pl6, can encompass adjacent genes, including the
MTAP, IFNAI and IFNBI genes [20, 21]. The MTAP gene
is located approximately 100 kilobases telomeric to the
pI6INK4A/CDKN2A gene on chromosome 9p21, and is
frequently contained in the pI6INK4A/CDKN2A homo-
zygous deletions. As a result, MTAP function is com-
pletely lost in approximately 30% of pancreatic adenocar-
cinomas. This is a potentially promising finding, because
it may have therapeutic implications [22]. The product of
the MTAP gene, the enzyme methylthioadenosine phos-
phorylase plays an important role in the synthesis of ad-
enosine [23], Chemotherapeutic agents, such as L-alano-
sine, a purine biosynthesis inhibitor, have been devel-
oped, to specifically target the selective loss of MTAP
function in cancers, implicating that it might be effective
against one third of the adenocarcinomas of the pancreas
[22, 23].

Mutation of the p53 gene on chromosome 17p is the
most common somatic alteration in human cancer. The
p53 protein plays a central role in modulating cellular re-
sponses to cytotoxic stress by contributing to both cell-
cycle arrestand programmed cell death. Loss of p53 func-
tion during carcinogenesis can lead to inappropriate cell
growth, increased cell survival, and genetic instability
[24]. In pancreatic cancer, the p53 tumor suppressor gene
is inactivated in 50-75% of the cases and occurs predom-
inantly through single allelic loss coupled with an intra-
genic mutation of the second allele [25]. The loss of p53
means that two critical controls of cell number (cell divi-
sion and cell death) are deregulated in the majority of
pancreatic cancers, Of interest, 14-3-30;, a p53-regulated
gene, plays a role in signal transduction, apoptosis, stress
response and cytoskeletal organization [26]. 14-3-30 is
transcribed in response to DNA damage and in a number
of cancers it is an important mediator of p53-induced G2
arrest [27].

In addition, p53-induced growth arrest is also
achieved by transactivation of p21. p53 binding to DNA

112 Pancrealology 2008;8:110-125

stimulates production of the protein p21, which nega-
tively regulates the complex consisting of cyclin D and
the cell division-stimulating protein cyclin-dependent-
kinase-2 (28], thereby preventing the cell from progress-
ing from G1-S phase. This mechanism allows time for
repair to damaged DNA. If p53 mutated, it is not able to
bind DNA, so p2I is not made available and abnormal
growth can occur. Cell lines which lack wild-type p53
show a reduced or complete absence of p21 [29]. Loss of
p21 activity has been observed in approximately 30-60%
of pancreatic tumor specimens [30-32]. Pancreatic cell
lines and pancreatic tumors show a correlation between
active p53 and p21 [33].

As stated, p53 loss is a ‘double threat’, because it results
in both loss of cell cycle checkpoints, as well as deregula-
tion of programmed cell death (i.e. apoptosis). It is now
known that p53-induced apoptosis is mediated by activa-
tion of genes involved in the apoptotic pathway, for ex-
ample genes such as PUMA (p53-upregulated modulator
of apoptosis) and Noxa. PUMA and Noxa are activated in
a p53-dependent manner following DNA damage. Once
activated, they bind to Bcl-2, localize to the mitochondria
to induce cytochrome c release, and activate the induc-
tion of programmed cell death [34-36].

Finally, the micro-RNA miR-34a deserves mention
(miRNAs in general are discussed later); miR-34a is a
direct transcriptional target of p53. MiR-34a activation
can recapitulate elements of p53 activity, including in-
duction of cell-cycle arrest and promotion of apoptosis,
and loss of miR-34a can impair p53-mediated cell death
[37,38]. Chang et al. [39] showed that reduced expression
of miR-34a is a very frequent feature of pancreatic can-
cer cells.

DPC4 (Smad4) is a tumor suppressor gene on chromo-
some 18q and is one of the most commonly inactivated
genes in pancreatic ductal adenocarcinoma, detected in
approximately 55% of the cases. Inactivation occurs ei-
ther through homozygous deletion, in approximately
30%, or loss of one allele coupled with an intragenic mu-
tation in the second allele in approximately 25% [40-42].
The transcription factor SMAD4 is an important regula-
tor of the transforming growth factor-3 (TGF-B) signal-
ing pathway [43]. Upon receptor activation, SMAD pro-
teins become phosphorylated and heterodimerize with
Smad4 to transmit upstream signals to the nucleus and
transactivate transcription of specific target genes [44].
Loss of SMAD4/DPC4 interferes with the intracellular
signaling cascades downstream from TGF-{ and activin,
resulting in decreased growth inhibition via loss of pro-
apoptotic signaling or inappropriate G1/S transition [43,
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45]), The SMAD4 gene is remarkable for two reasons.
First, inactivation of the DPC4 gene is relatively specific
to pancreatic cancer, although it occurs with low inci-
dence in other cancers, such as colon, breast, and ovarian
or biliary tract carcinomas [46, 47]. Secondly, immuno-
histochemical labeling for Smad4 protein expression
mirrors DPC4/SMA D4 gene status in pancreatic cancers
with rare exceptions [42]. Inactivation of DPC4/SMAD4
is uncommon in nonductal neoplasms of the pancreas
[10], and is rare in most extrapancreatic malignancies (10,
46). Therefore, immunolabeling for loss of Smad4 is a
convenient ancillary diagnostic marker in clinical speci-
mens, including suspected metastases from an occult
pancreatic primary.

Many other tumor suppressor genes that are targeted
at low frequency in pancreatic cancer (<10%) deserve
mentioning, Mutations in the LKBI/STKII gene are the
cause of the autosomal-dominant inherited Peutz-Je-
ghers syndrome. Patients with Peutz-Jeghers syndrome
have an increased risk of pancreatic cancer and it is con-
ceivable that LKBI acts as tumor suppressor gene in pan-
creatic cancer as well [48, 49]. Intragenic mutations and
lomozygous deletions of the MKK4 gene occur in a small
percentage of pancreatic cancers [50]. The MKK4 gene
encodes for a component of a stress-activated protein ki-
nase cascade and has a function in apoptosis and growth
control. Furthermore, MKK4 is preferentially inactivated
in subsets of pancreatic cancer metastases, suggesting
that the protein product may function as a metastasis
suppressor [51]. Other less frequently affected tumor sup-
pressor genes include the TGF-B/activin signaling path-
way receptors such as the TGF-B type I receptor (TGF-
BRI; ALK5; chromosome 9q), TGFBR2 (chromosome
3p), ACVRIB (ALK4; chromosome 12q) [52] and ACVR2
(chromosome 2q) [53, 54]. The TGFBR1 ALKS5 forms a
heterodimer with the TGF-B type II receptor (TGFBR2)
to mediate signaling of TGF-f ligands. A downstream
component of this pathway includes DPC4 (SMADA4).
Signaling initiated after binding of TGF-B-related ligands
to their cognate receptors leads to heteromerization and
nuclear translocation of the Smad proteins and the tran-
scriptional activation of target genes [55, 56]. TGF-( is a
pleiotropic factor that regulates cell proliferation, angio-
genesis, metastasis, and immune suppression, The in-
volvement of the TGF-3 pathway has been established in
cancers of many organs including the breast, lung, colon
and pancreas. TGF-p signaling is [requently attenuated
in pancreatic cancer because of alterations in the compo-
nents of the pathway [57, 58].

Pancreatic Carcinogenesis

Oncogenes

Oncogenes are genes that contribute to oncogenesis
when mutationally activated. In contrast to tumor sup-
pressor genes they act in a dominant fashion, i.e. muta-
tion of one copy of the gene suffices for activation. Onco-
genes can be activated through a variety of mechanisms,
including point mutations within the gene and amplifica-
tion of the gene itself. A growing number of oncogenes
have been identified that are targeted in pancreatic can-
cer.

The most common activating point mutation involves
the KRAS2 oncogene, on chromosome 12p, in over 90%
of pancreatic ductal adenocarcinomas [59, 60] (table 1).
This is the highest fraction of K-ras alteration found in
any human tumor type. Frequent mutation sites involve
codons 12, 13 and 61, but in pancreatic ductal cancers the
majority occur in codon 12. The KRAS gene product me-
diates signals from growth factor receptors and other sig-
nal inputs. Mutation of KRAS results in a constitutive
gain of function, because the RAS protein remains
trapped in the activated state even in the absence of
growth factor signals, which leads to proliferation, sup-
pressed apoptosis and cell survival.

The RAS family proteins encode small GTP-binding
cytoplasmic proteins [44]. The constitutively active RAS
intrinsically binds to GTP and confers uncontrolled
stimulatory signals to downstream cascades including
Ras effectors. Activated KRAS engages multiple effector
pathways, notably the RAF-mitogen-activated protein
kinase, phosphoinositide-3-kinase (PI3K) and RalGDS
pathways.

Mutant KRAS has been extensively investigated as a
marker of pancreatic cancer because mutations are basi-
cally entirely limited to one codon, can be readily detect-
ed using molecular assays and are present in approxi-
mately 90% of pancreatic ductal adenocarcinomas. Un-
fortunately, KRAS mutations are not specific for invasive
pancreatic cancer and they occur in patients with chron-
ic pancreatitis, in individuals who smoke, and in situ neo-
plasias from patients without pancreatic cancer (61, 62].

The BRAF gene on chromosome 7q is a member of the
RAS-RAF-MEK-ERK-MAP kinase pathway, and is mu-
tated in one-third of the pancreatic cancers with wild-
type (normal) KRAS [63]. BRAF, a serine/threonine ki-
nase located immediately downstream in RAS signaling,
is a frequent mutational target in several cell lines and
nonpancreatic primary cancers including 66% of mela-
nomas and 10% of colorectal carcinomas [64, 65]. Inter-
estingly, KRAS and BRAF mutations are mutually exclu-
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sive and tumors with mutant forms of one of these 2 genes
invariably retain wild-type copies of the other. The re-
quirement of oncogenic KRAS or BRAF pathway-related
signal transduction appears to be critically important for
most instances of pancreatic ductal carcinogenesis.

The PI3K-kinase-AKT pathway is a key effector of
RAS-dependent transformation of many cell types and
plays a role in cell survival, cell proliferation and other
growth-related processes [66]. Activated PI3K results in
phosphorylated phosphatidylinositides (PIP3), a step in-
hibited by product of the tumor suppressor gene, PTEN.
PIP3 in turn phosphorylates and activates AKT [29]. Re-
cently activating mutations of PIK3CA, the gene encod-
ing PI3K, have been reported in a subset of pancreatic
cancer precursors, specifically in IPMNs [67]. Even in the
absence of mutations, the PI3K/AKT pathway is consti-
tutively active in the majority of pancreatic cancers [68].
This might be due to the aberrant expression of their nat-
ural antagonist PTEN [69]. Although PTEN is not mu-
tated in pancreatic cancers, the reduction of its expres-
sion may give pancreatic cancer cells an additional
growth advantage [70]. Furthermore, amplification or
activation of AKT2 kinase, a major target of the PI3K
complex, occurs in up to 60% of pancreatic cancers [71-
74], supporting the participation of an activated PI3K-
AKT axis in this disease.

A third downstream pathway activated trough RAS is
the RalGDS pathway. RalGDS is one of several known
Ras-regulated guanine-nucleotide exchange factors,
or GEFs, that function by activating Ral A and Ral B
GTPases [75]. Recently, RAL A was shown to be activated
in a variety of pancreatic cancers, and knockdown of
RAL A suppressed tumorigenicity of RAS-transformed
human cells [76]. In the same studies, knockdown of RAL
Bhad no effect on tumor initiation, but suppressed tumor
progression (i.e. metastases), suggesting divergent roles
for the two RAL proteins in the context of pancreatic
neoplasia. Whether or not these signaling moieties can
be utilized as therapeutic targets remains to be deter-
mined.

The mammalian Hedgehog family of secreted signal-
ing proteins — comprised of Sonic, Indian, and Desert
Hedgehog (Shh, Thh, and Dhh) - regulates the growth
and patterning of many organs, including the pancreas,
during embryogenesis [77]. The Hedgehog pathway is
under negative regulation by the Patched (PTC) tumor
suppressor protein that inactivates the Smoothed (SMO)
protein. The Hedgehog ligands engage the PTC trans-
membrane protein, disrupting the inhibition of SMO and
thereby enabling signaling transduction to the GLT fam-
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ily of transcriptional regulators [78]. Loss of PTC, activat-
ing mutations in SMO and overexpression of GLI and
Hedgehog proteins are associated with a variety of can-
cers (79]. Activation of the Hedgehog pathway has been
implicated in both the initiation of pancreatic ductal neo-
plasia and in the maintenance of advanced cancers [80].
The expression of the Hedgehog ligands, the transcrip-
tional target gene PTC, and the essential pathway compo-
nent SMO is undetectable in normal human pancreatic
ducts. In contrast, a relative increase in the expression of
these proteins is observed during pancreatic ductal tu-
morigenesis [78, 81, 82]. Moreover, it has been confirmed
that the Hedgehog pathway plays a role in metastases. In-
hibition of Hedgehog signaling has been shown to reduce
the incidence of systemic metastasis in pancreatic adeno-
carcinoma xenografts [83]. Recently, Ji et al. [84] showed
that there is a cross-talk between oncogenic KRAS and
the Hedgehog signaling pathway in pancreatic cancer
cell lines. Their studies suggest that oncogenic KRAS
through the RAF/MEK/MAPK pathway suppresses GLI1
protein degradation and consequently plays an impor-
tant role in activating Hedgehog signaling pathwayin the
absence of additional Hedgehog ligand during pancre-
atic tumorigenesis.

The Notch signaling pathway is another pathway which
is important in directing cell fate and cell proliferation
during embryonic development. Later in life, the Notch
signaling pathway plays a critical role in maintaining the
balance among cell proliferation, differentiation, and
apoptosis [85]. In mammals, this signaling pathway in-
volves interaction of the membrane-bound Notch recep-
tors (Notch 1-4) and Notch ligands (Delta-like, and
Jagged) on adjacent cells [85, 86]. The function of Notch
signaling in tumorigenesis can be either oncogenic or an-
tiproliferative, and the function is context dependent. In
a limited number of tumor types, including human hepa-
tocellular carcinoma and small cell lung cancer, Notch
signaling is antiproliferative rather than oncogenic. How-
ever, most of the studies show an opposite effect of Notch
in many human cancers including pancreatic cancer [87].
In the normal adult pancreas, Notch and its ligands are
expressed at low levels. Interestingly, aberrant expression
of its ligands, expression of mutant Notchl oncoprotein,
and abnormal expression of transcription targets of Notch
signaling can be observed in early stages of pancreatic tu-
morigenesis as well as in invasive pancreatic cancer {88].

Several other oncogenes that are targeted in pancre-
atic cancer by amplifications deserve mentioning. First,
the AKT2 gene on chromosome 19q is a downstream ef-
fector of the PI3K/AKT pathway, and is amplified in 10-
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Table 1. Frequency of selected tumor suppressor genes, oncogenes
and genome maintenance genes

Gene mutations Incidence in pancreatic adenocarcinoma, %

plé 80-95

53 50-75

DPC4 45-55

K-RAS 75-90

BRAF 5-10 (estimated)
hMLH1, hMSH2 4

BRCA2 7-10

15% of pancreatic cancers [73, 89]. AKT2 can be activated
by stimuli such as platelet-derived growth factor, basic
fibroblast growth factor, and insulin through the PI3K/
AKT pathway, suggesting this pathway’s importance in
this tumor type [72]. Secondly, the AIB1 gene on chromo-
some 20q is amplified in approximately 60% of pancre-
atic cancers [90]. The nuclear receptor coactivator ampli-
fied in breast cancer 1 (AIB1/SRC-3) belongs to the p160/
steroid receptor coactivator family (SRC) [91]. AIBI am-
plification and/or overexpression is not only detected in
hormone-sensitive tumors, such as breast, prostate and
ovarian, but it is also found in nonsteroid-targeted tu-
mors such as pancreatic cancer, colorectal carcinoma and
hepatocellular carcinoma [92]. Thirdly, the MYB gene on
chromosome 64 is amplified in 10% of pancreatic carci-
nomas [93]. Abnormalities in the locus of the human
MYB gene have been observed in several human cancers.
In a majority of these tumors, these abnormalities seem
to be accompanied by an amplification of the MYB gene
followed by enhanced transcription [94].

Genome Maintenance Genes

Genome maintenance genes are those that function to
identify and repair damage to DNA., When a genome
maintenance gene is inactivated, DNA damage is not re-
paired efficiently and DNA mutations accumulate. If
these mutations occur in cancer-associated genes they
can contribute to tumorigenesis [90]. Although gross
chromosomal abnormalities are frequent in pancreatic
ductal adenocarcinomas, genetic instability also occurs
through DNA mismatch repair defects [95]. The DNA
mismatch repair genes hMLHI and hMSH2 are examples
of genome maintenance genes targeted in pancreatic can-
cer [96]. When one of these genes is inactivated, DNA

Pancreatic Carcinogenesis

changes occur leading to ‘microsatellite instability’ (MSI).
MSTis associated with poor differentiation, lack of KRAS2
and p53 mutations, and germline mutations of this gene
are associated with the human nonpolyposis colorectal
cancer syndrome (HNPCC) [96-98]. Approximately 4%
of pancreatic cancers have MSI and these cancers have a
specific microscopic appearance called ‘medullary type’,
which includes a syncytial growth pattern, pushing bor-
ders and lymphocytic infiltrate [96].

The causative genes of Fanconi anemia, FANCC and
FANCG, also play a role in pancreatic tumorigenesis [99].
Fanconi anemia is a hereditary cancer susceptibility dis-
order, with the occurrence of hematologic abnormalities
or acute myelogenous leukemia at an early stage, usually
leading to death before the age of 20. Patients who survive
into adulthood often develop solid tumors [99]. The
BRCA2 gene represents Fanconi complementation group
D1 and is thought to aid DNA strand and interstrand
crosslinking repair. BRCA2 has therefore been catego-
rized as genome maintenance gene rather than a stan-
dard tumor suppressor. In ductal pancreatic cancers 7-
10% harbor an inactivating intragenic inherited muta-
tion of one copy of the BRCA2 gene, accompanied by loss
of heterozygosity [100, 101]. Of interest, it has been shown
that the presence of BRCA2/Fanconi anemia gene muta-
tions in pancreatic cancer may make them particularly
sensitive to chemotherapeutic agents that cause DNA
crosslinks such as Mitomycin C, because these cancers
are unable to repair DNA interstrand crosslinks [102].

Growth Factors

Several of the genes known to be overexpressed in
pancreatic cancer include growth factors and their recep-
tors. Growth factors are the proteins that control cell dif-
ferentiation and proliferation. Disturbances in growth
inhibition and an abundance of growth-promoting fac-
tors give cancer cells a distinct growth advantage, which
clinically results in rapid tumor progression. The epider-
mal growth factor receptor (EGFR) is overexpressed and
plays a distinct role in pancreatic cancer. The four recep-
tors of the EGF family are membrane-spanning glyco-
proteins composed of an amino lerminal extracellular
ligand-binding domain, a hydrophobic transmembrane
region and a cytoplasmic domain that contains both the
tyrosine kinase domain as well as the receptor [103]. The
classical EGF receptor is also known as HER1 or ErbB-1.
The remaining three receptors are designated HER-2/
Neu (ErbB-2), HER-3 (ErbB-3), and HER-4 (ErbB-4).

Pancrealology 2008;8:110-125 115

Exhibit 28 - 317



—— Ny

= Normal —{} PanIN-1A 4} PanIN-1B o —— PanIN-2

-] feloimere K-ras
shortenimg

l b= S

-"I_ PSCA, Muens, Fascin }

-t| Muemnl | -

e ) e

5 1
Cycin DI | . —
- PpI3DPCL BROA2 - =i

Kl-67, Topallee 14-3-30

-| mesothichn l -

Fig. 1. Progression model of pancreatic ductal adenocarcinoma from normal (left) to carcinoma (right). The
histological progression is associated with the accumulation of specific genetic alterations. Reprinted with per-

mission from Maitra et al. [164].

HER-2/neu overexpression is most prominent in well-
differentiated ductal adenocarcinoma, as well as in the
early-stage precursor lesions, and appears to correlate
with the grade of dysplasia in the precursor lesions [104,
105]. In pancreatic cancer, HER-2/ner amplification has
been observed with a variable incidence of 10-60% [106,
107]. In addition, increased levels of fibroblast growth
factor (FGF), FGF-receptor, insulin-like growth factor I
(IGF-I), IGE-I receptor, nerve growth factor, and vascular
endothelial growth factor (VEGEF) are also reported in
pancreatic cancer [108, 109].

Tumor growth requires accompanying expansion of
the host vasculature with tumor progression, which is
often correlated with vascular density. VEGF is the
best-characterized inducer of tumor angiogenesis. Inter-
estingly, Delta-like ligand 4 (D114), a Notch ligand, is dy-
namically regulated by VEGF [110]. Several studies dem-
onstrated that D114 may act downstream of VEGF as a
‘brake’ on VEGF-mediated angiogenic sprouting [111].
Dll4, a transmembrane ligand for the Notch family of
receptors, is induced by VEGF as a negative feedback
regulator and acts to prevent overexuberant angiogenic
sprouting [112].

116 Pancreatology 2008;8:110-125

Telomere Shortening

Defective telomeres may be the major cause of the
chromosomal instability observed in many cancers and
in the vast majority of pancreatic cancers [113]. Telo-
meres are structures at the end of linear chromosomes
that normally function to protect the terminal sequenc-
es and prevent the ends of chromosomes from joining
aberrantly [114, 115]. Telomeres serve as protective ‘caps’
and are composed of short repeated DNA sequences and
associated proteins. It appears that telomeres become ab-
normally short very early in the development of pancre-
atic neoplasia [114]. These shortened telomeres can pre-
sumably lead to the abnormal fusion of chromosome
ends and in this fashion to chromosome instability, pro-
moting further neoplastic progression in these cells [90].
Such a chromosome fusion leads to so-called anaphase
bridges during mitosis [116]. These anaphase bridges fre-
quently break during cellular replication, generating un-
stable chromosome ends that are subject to abnormal fu-
sion events and subsequent chromosomal rearrange-
ments [117]. This process, called breakage-fusion-bridge
cycles, has been observed in pancreatic cancers and is
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Fig. 2. Consecutive PanIN lesions with progressive histological changes from normal to PanIN-3. Reproduced
with permission from http://pathology.jhu.edu/pancreas_panin,

believed to be one of the major causes underlying loss of
function of tumor suppressor genes and the gain of func-
tion of oncogenes as described earlier [90]. In most in-
stances, cells harboring this degree of genomic instabil-
ity are eliminated through activation of p53. However,
chromosomal rearrangements likely persist in cells with
p53 mutations, and these cells will then quickly accrue
further genomic alterations [118). Thus telomere dys-
function and p53 loss cooperate to promote the develop-
ment of carcinomas in multiple tissues [79]. Chromo-
somal instability provides a tumor with the genetic di-
versity to overcome certain barriers in carcinogenesis.
However, ultimately, chromosomal instability might
prove counterproductive to tumor growth, which may
explain why neoplasms seem to acquire mechanisms to
elongate their telomeres at later stages in the develop-
ment of a malignancy, often through the reactivation of
the enzyme telomerase, or through alternate lengthen-
ing of telomeres [119].

Familial Pancreatic Cancer

In the majority of cases, cancer is a multifactorial dis-
order in which genetic and environmental factors inter-
act to initiate carcinogenesis. However, in a minority, the
disease follows a familial pattern of transmission, sug-
gesting a hereditary cancer syndrome, Characterization
of the genetic mutations segregating in such families has
helped to elucidate the molecular events that underlie tu-
morigenesis in the more common multifactorial form of
the disease. Elucidation of the mechanisms of hereditary
colorectal cancer and breast/ovarian cancer syndromes
represents some of the greatest triumphs of the last cen-
tury in the field of cancer genetics.

Pancreatic Carcinogenesis

It has been estimated that 10% of pancreatic cancers
have a familial basis [120, 121]. Having a first-degree rel-
ative with pancreatic cancer doubles the risk of develop-
ing pancreatic cancer [122], and the risk increases with
increasing numbers of affected relatives [123]. Segrega-
tion analyses have suggested that an autosomal dominant
pattern of inheritance is the most parsimonious genetic
model for this increased risk [124], but the gene respon-
sible for the familial aggregation of pancreatic cancer in
the majority of cases has not yet been identified [125]. In
different countries familial pancreatic cancer registries
have been established to investigate the epidemiology
and genetic background of these families, and to organize
the screening programs for high-risk relatives and for fol-
low-up. The largest such registry, the National Familial
Pancreas Tumor Registry, is located at the Johns Hop-
kins Medical Institutions, Baltimore, Md., USA (http:/
pathology2.jhu.edu/pancreas/nfptr.cfm) [125].

To date, at least five hereditary disorders that signifi-
cantly increase the risk of pancreatic cancer have been
described. These include familial breast/ovarian cancer
syndrome (caused by inherited mutations in the BRCA2
gene), the FAMM syndrome (caused by germline muta-
tionsin the p16 gene), the Peutz-Jeghers syndrome (caused
by inherited mutations in the STK11/LKBI gene), heredi-
tary pancreatitis (caused by germline mutations in the
PRSSI gene), and hereditary HNPCC caused by muta-
tions in AMLHI or hMSH2.

Familial breast/ovarian cancer syndrome is associated
with an increased risk of breast cancer in men and wom-
en, and a subset of these families also harbor an increased
risk for pancreatic cancer [126]. Germline mutations of
the BRCA2 gene, residing on 13q12-13, are identified in
4-17% of familial pancreatic cancer, with a particular
propensity for occurring in families of Ashkenazi Jewish
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heritage [100, 127]. As mentioned earlier, the protein
product of the BRCA2 gene has been shown to interact
with protein products of several of the Fanconi anemia
genes and to function in the repair of double-strand DNA
breaks [99].

The FAMM syndrome is an autosomal dominant dis-
order characterized by the familial occurrence of multi-
ple melanocytic naevi, atypical naevi, and an increased
risk of both melanoma and pancreatic cancer [128, 129].
FAMM can be caused by germline mutations in the pl6/
CDKN2A gene on chromosome 9p. The carriers of the
germline pl6-Leiden mutation have an estimated risk of
17% to develop pancreatic cancer by the age of 75 years
(19, 130].

The Peutz-Jeghers syndrome is a rare, autosomal dom-
inant condition characterized by the development of
hamartomatous gastrointestinal polyps, mucocutaneous
pigmentation and high lifetime risk of developing cancer,
affecting both gastrointestinal and extragastrointestinal
sites. The lifetime risk of developing pancreatic cancer is
approximately 36% [131]. In 50% of families the patho-
genesis is caused by germline mutations occurring in the
STK11/LKBI gene [48, 132].

Hereditary pancreatilis is characterized by the famil-
ial occurrence of pancreatitis with an early age of onset
[133]. Germline mutations in the PRSSI gene cause an
autosomal dominant form of the disease, whereas germ-
line mutations in SPINK1 lead to an autosomal recessive
pattern of inheritance. An estimated 40% of patients with
familial pancreatitis will develop pancreatic cancer by
the age of 70 years [134].

HNPCC has an autosomal dominant pattern of inher-
itance, it affects approximately 1 in 200 persons and is
associated with multiple forms of cancer, most impor-
tantly colorectal, but also gastric, endometrial, and pan-
creatic cancer [135]. As discussed before, HNPCC is
caused by mutations in one of the DNA mismatch repair
genes. The group of individuals with a known predispos-
ing familial syndrome, and with a history of familial pan-
creatic cancer would be among the first to benefit from
screening tests for early detection of pancreatic cancer.

Mouse Models of Pancreatic Cancer

Although the pancreas was the firstorgan where trans-
genesis was attempted over two decades ago {136], the
development of a mouse model that faithfully recapitu-
lates the multistep progression of human pancreatic ad-
enocarcinoma has been elusive. In 2003, Hingorani et al.
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[137] developed a mouse model of pancreatic neoplasia by
conditional mis-expression of mutant KRAS in the pan-
creas from its endogenous promoter, The bitransgenic
mice express a ‘knock-in” Kras%'*® upon Cre-mediated
recombination and removal of a lox-STOP-lox allele
within the Pdx] expression domain. PdxI is a transcrip-
tion factor that is expressed in the developing pancreas
and foregut, restricting mutant KRAS expression to these
organs. The Pdx1-Cre, lox-STOP-lox-Kras®'?P mice de-
velop the entire histologic compendium of murine PanIN
(mPanIN) lesions observed in the cognate human dis-
ease, and a subset of mice develop invasive pancreatic
carcinomas as well. Subsequent models have utilized ad-
ditional cooperating mutations with Kras (for example,
an oncogenic Trp53R172H allele or biallelic deletions of
INK4a/Arf) - these compound transgenic mice develop
metastatic pancreatic cancers with near-universal pene-
trance, and represent biologically relevant models of ad-
vanced pancreatic cancer in humans [138-140].

Several important lessons have been learnt from these
newly developed mouse models of pancreatic cancer.
First, these studies indicate the likely absolute require-
ment of mutant Kras in order to initiate pancreatic neo-
plasia along the mPanIN pathway, which might also ex-
plain the extremely high frequency of KRAS abnormali-
ties in human PanIN lesions and pancreatic cancer [141].
Thus, misexpression of other oncogenes by themselves re-
sults in pancreatic ‘cancer’ in mice (for example, aberrant
expression of the Hedgehog transcription factor GLI2)
(82], but it is only upon coexpression with mutant Kras
that these mice develop cancers preceded by mPanINs.
Second, the expression of mutant Kras from its endoge-
nous promoter appears to be a prerequisite as well, since
earlier models of transgenic Kras expression have resulted
in cancers of acinar histogenesis without mPanIN forma-
tion [142). Third, these mouse models have helped eluci-
date some insights into the putative cell-of-origin of pan-
creatic cancer. For example, recent studies by Guerra and
colleagues have demonstrated that mPanINs and adeno-
carcinomas can be reproduced in the pancreas of adult
mice by conditional misexpression of mutant Kras to
the elastase-expressing acinar/centroacinar compartment
[143]; the one caveat is that the mature acinar/centroaci-
nar compartment appears to be resistant to the oncogenic
transformation unless accompanied by an ongoing injuri-
ous stimulus (i.e. chronic pancreatitis). These studies pro-
vide remarkable experimental reiteration to the long-
standing epidemiological associations between chronic
pancreatitis and an increased incidence of pancreatic can-
cer [3]. They also underscore the possibility that the mon-
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iker of ‘ductal’ adenocarcinoma might not reflect the true
histogenesis of these cancers, at least in the context of mu-
rine pancreatic neoplasia. Fourth, and not the least, the
development of these models have provided an unprece-
dented opportunity to explore preclinical diagnostic and
therapeutic strategies in autochthonous models not af-
forded by short-term xenograft studies. For example, the
cancers developing in these mice recapitulate not only the
morphology of the cognate human disease, but also many
of the oncogenic signaling pathways like EGFR, Notch and
Hedgehog [137, 140]. Small molecule inhibitors targeted
against these pathways can now be tested in the trans-
genic models prior to clinical trials. There is little doubt
that the development of these models has fulfilled a criti-
cal lacuna on the field of pancreatic cancer research.

Molecular Biomarkers and Therapy

The gene expression patterns in pancreatic cancer
have been studied using multiple platforms. A decade
ago, gene expression was studied through analysis of the
product of one gene at a time. Currently, gene expression
patterns can be studied using technologies that assay
nearly the entire genome simultaneously. Examples of
such technologies that have been applied to pancreatic
cancer include serial analysis of gene expression, cDNA
arrays and oligonucleotide arrays [144-147]. The protein
products of differentially expressed genes have proven
useful as diagnostic markers in tissue biopsies, as serum
markers, and as therapeutic targets. For example, pros-
tate stem cell antigen and mesothelin were identified to
be overexpressed in the majority of pancreatic cancers by
serial analysis of gene expression, and immunolabeling
for these two proteins can be used to aid in the interpre-
tation of challenging pancreatic biopsies [148, 149]. Sim-
ilarly, osteopontin was identified as overexpressed in
pancreatic carcinoma using oligonucleotide microarrays,
and serum osteopontin levels have a sensitivity of 80%
and a specificity of 97% for pancreatic cancer [150].

Recently, micro-RNAs (miRNAs), a novel class of 18-
23 nucleotide noncoding RNAs, have gained attention as
another family of molecules involved in cancer develop-
ment, Current evidence has illustrated that miRNAs are
misexpressed in various human cancers, and further in-
dicates that miRNAs can function as tumor suppressors
(‘TSGmiRs’) or oncogenes (‘oncomiRs’) [151, 152]. Upon
binding to their target RNAs, miRNAs cause posttran-
scriptional gene silencing by either cleaving the target
mRNA or by inhibiting the translation process [153].

Pancreatic Carcinogenesis

As several studies have highlighted, miRNA expres-
sion is deregulated in pancreatic cancer. A miRNA signa-
ture of pancreatic cancer has been elucidated, and it in-
cludes the upregulation of miR-21, miR-155, miR-221 and
miR-222 [154, 155]. Moreover, Chang et al. [39] found that
miR-34a is frequently lost in pancreatic cancer cell lines.
These studies demonstrate that miRNAs may become
useful biomarkers for pancreatic cancer diagnostics. In
addition, these aberrantly expressed miRNAs might be
useful as potential therapeutic targets, with the recent
availability of in vivo miRNA knockdown strategies (‘an-
tagomirs’) [156].

The revolution in our understanding of the genetics of
cancer and the exploration of gene expression on a large
scale has brought with it the hope that novel therapies can
be developed specifically exploiting the genetic deletions
and resultant absolute biochemical deficiencies present
in pancreatic cancer. Two promising examples of thera-
pies using a specific biochemical difference, including
mitomycin C for pancreatic cancers harboring BRCA2
gene mutations and L-alanosine, a purine biosynthesis
inhibitor, for pancreatic cancers with loss of MTAP func-
tion were already mentioned above.

The downregulation of Notch signaling could also be
a novel therapeutic approach for pancreatic cancer. Nu-
merous studies have proposed inhibition of Notch signal-
ing as a strategy for cancer treatment, such as with the
pharmacological block of y-secretase enzyme with small
molecule inhibitors, which has a striking antineoplastic
effect in Notch expressing transformed cells in vitro and
in xenograft models [157]. Inhibitors of y-secretase pre-
vent the second ligand-induced proteolytic cleavage of
the Notch receptor, thereby blocking the Notch signaling
pathway. Importantly, in pancreatic cancer cells it has
been shown that downregulation of Notchl inhibits cell
growth and induces apoptosis [87]. In other compart-
ments of the gastrointestinal tract, notably the colorec-
tum and the esophagus, regression of tumorigenesis is
observed after chemical inhibition of Notch (158, 159].

Furthermore, developmental signaling pathways, like
the Hedgehog signaling pathway, have emerged as thera-
peutic targets in pancreatic cancers [160]. This pathway
is aberrantly activated in the majority of pancreatic duc-
tal adenocarcinomas [78). Drugs such as cyclopamine
which specifically inhibit the Hedgehog pathway have
been shown to be effective in xenograft models of human
pancreatic cancer in treated mice [81]. Interestingly, the
realization of cross-talk between RAS/MAPK and Hedge-
hog signaling pathways in pancreatic carcinomas also
suggest that targeting the RAS and Hedgehog pathways
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synergistically may represent a new therapeutic strategy
[84]. Additionally, there are a few promising agents on the
therapeutic horizon, being tested in clinical trials, like
bevacizumab, the monoclonal antibody against VEGFE,
which targets tumor vascularization and cetuximab, the
monoclonal antibody against the EGFR [161]. Of note,
trastuzumab (Herceptin®) is a humanized monoclonal
antibody that acts on the HER2/neu (erbB2) receptor, a
member of the EGFR family, and shows profound benefi-
cial results with breast cancer patients whose tumors
overexpress this receptor [103]. Whether trastuzumab
will be as eftective a form of treatment in pancreatic can-
cer as it appears to be in breast cancer, is currently the
focus of several studies [162, 163].

Future Perspectives

Intensive research over the last two decades has shown
that pancreatic cancer is fundamentally a genetic disease,
caused by inherited germline and/or acquired somatic
mutations in cancer-associated genes. It has uncovered
multiple alterations in many genes that are important in

pancreatic cancer progression. In addition, an increased
understanding of the molecular basis of the disease has
provided the identification of new drug targets enabling
rational drug design, and facilitated the production of
animal models of the disease on which such therapies can
be tested.

Pancreatic ductal adenocarcinoma is nevertheless
still one of the most lethal cancers of all human malig-
nancies. The poor prognosis and late presentation of
pancreatic cancer patients emphasize the importance of
carly detection, which is the sine qua non for the fight
against pancreatic cancer. It is hoped for the future that
the understanding of genetic alterations in combination
with the development of high-throughput sensitive tech-
nigues will lead to the rapid discovery of an effective bio-
marker.

Acknowledgements

This study was supported by the Sol Goldman Pancreatic
Cancer Research Center, the Michael Rolfe Foundation for
Pancreatic Cancer Research, NIH R01CA113669 and NIH
P50CA062924.

—

References

Jemal A, Siegel R, Ward E, Murray T, Xu J,
Smigal C, Thun M]J: Cancer statistics, 2006
CA Cancer ] Clin 2006;56:106-130,

man J, Hruban RH, Lillemoe KD: Resected
adenocarcinoma of the pancreas-616 pa-
tients: results, outcomes, and prognostic

W, Baylin SB, Kern SE, Herman JG: Abroga-
tion of the Rb/pl6 tumor-suppressive path-
way in virtually all pancreatic carcinomas.

2 Parkin DM, Bray FI, Devesa SS: Cancer bur- indicators. ] Gastrointest Surg 2000;4:567- Cancer Res 1997;57:3126-3130.
den in the year 2000. The global picture, Eur 579. 14 Russo AA, Tong L, Lee JO, Jeffrey PD, Pav-
] Cancer 2001;37(suppl 8):54-S66. 9 Winter )M, Cameron JL, Campbell KA, Ar- letich NP: Structural basis for inhibition of
3 Lowenfels AB, Maisonneuve P: Epidemiolo- nold MA, Chang DC, Coleman J, Hodgin the cyclin-dependent kinase Cdké by the tu-
gy and risk factors for pancreatic cancer. Best MR, Sauter PK, Hruban RH, Riall TS, Schu- mour suppressor pl6INK4a, Nature 1998;
Pract Res Clin Gastroenterol 2006;20:197- lick RD, Choti MA, Lillemoe KD, Yeo CJ; 395:237-243.
209. 1423 pancreaticoduodenectomies for pan- 15 Liggett WH Jr, Sidransky D: Role of the p16
4 Villeneuve P), Johnson KC, Hanley AJG, creatic cancer: a single-institution experi- tumor suppressor gene in cancer, | Clin On-
Mao Y: Alcohol, tobacco and coffee con- ence. ] Gastrointest Surg 2006;10:1199~ col 1998;16:1197-1206.
sumption and the risk of pancreatic cancer: 1210. 16 Sellers WR, Rodgers )W, Kaelin WG Jr: A po-
results from the Canadian Enhanced Sur- 10 Hruban RH, Klimstra DS, Pitman MB: Atlas tent transrepression domain in the retino-
veillance System case-control project. Eur } of Tumor Pathology. Tumors of the pan- blastoma protein induces a cell cycle arrest
Cancer Prev 2000;9:49-58, creas. Washington, Armed Forces Institute when bound to E2F sites. Proc Natl Acad Sci
5 Michaud DS, Liu SM, Giovannucci E, Willett of Pathology, 2006. USA 1995;92:11544-11548.
WC, Colditz GA, Fuchs CS: Dietary sugar, 11 Singh M, Maitra A: Precursor lesionsof pan- 17 Bartsch DK, Kress R, Sina-Frey M,
glycemic load, and pancreatic cancer risk in creatic cancer: molecular pathology and Grutzmann R, Gerdes B, Pilarsky C, Heise
a prospective study. J Natl Cancer Inst 2002; clinical implications, Pancreatology 2007;7: JW, Schulte KM, Colombo-Benkmann M,
94:1293-1300, 9-19. Schleicher C, Witzigmann H, Pridohl O,
6 Michaud DS, Giovannucci E, Willett WC, 12 Caldas C, Hahn SA, da Costa LT, Redston Ghadimi MB, Horstmann O, von Bernstorff
Colditz GA, Stampfer M], Fuchs CS: Physical MS, Schutte M, Seymour AB, Weinstein CL, W, Jochimsen L, Schmidt ], Eisold S, Estevez-
activity, obesity, height, and the risk of pan- Hruban RH, Yeo CJ, Kern SE: Frequent so- Schwarz L, Hahn SA, Schulmann K, Bock W,
creatic cancer. JAMA 2001;286:921-929, matic mutations and homozygous deletions Gress TM, Zugel N, Breitschaft K, Prenzel K,
7 Everhart ), Wright D: Diabetes mellitus as a of the p16 (MTS1) gene in pancreatic adeno- Messmann H, Endlicher E, Schneider M,
risk factor for pancreatic cancer — a meta- carcinoma, Nat Genet 1994;8:27-32, Ziegler A, Schmiegel W, Schafer H, Roth-
analysis. JAMA 1995;273:1605-1609, 13 Schutte M, Hruban RH, Geradts J, Maynard mund M, Rieder H: Prevalence of familial

oo

Sohn TA, Yeo CJ, Cameron JL, Koniaris 1,
Kaushal S, Abrams RA, Sauter PK, Cole-

R, Hilgers W, Rabindran SK, Moskaluk CA,
Hahn SA, Schwarte-Waldhoff 1, Schmiegel

120

Pancreatology 2008;8:110-125

pancreatic cancer in Germany. Int ] Cancer
2004;110:902-906.

Koorstra/Hustinx/Offerhaus/Maitra

Exhibit 28 - 322



18

19

20

21

22

23

24

25

26

27

28

29

de vos tot Nederveen Cappel WH, Lagendijk
MA, Lamers CB, Morreau H, Vasen HF: Sur-
veillance for familial pancreatic cancer, Scand
) Gastroenterol Suppl 2003;329:94-99.

de vos tot Nederveen Cappel WH, Offerhaus
GJ), van Puijenbroek M, Caspers E, Gruis
NA, De Snoo FA, Lamers CB, Griffioen G,
Bergman W, Vasen HF, Morreau H: Pancre-
atic carcinoma in carriers of a specific 19
base pair deletion of CDKN2A/pl6 (pl6-
Leiden). Clin Cancer Res 2003;9:3598-3605.
Chen ZH, Zhang H, Savarese TM: Gene dele-
tion chemoselectivity: codeletion of the
genes for pl6(1INK4), methylthioadenosine
phosphorylase, and the alpha- and beta-in-
terferons in human pancreatic cell carcino-
ma lines and its implications for chemother-
apy. Cancer Res 1996;56:1083-1090.

Zhang H, Chen ZH, Savarese TM: Codele-
tion of the genes for pl6INK4, methylthio-
adenosine phosphorylase, interferon-alphal,
interferon-betal, and other 9p21 markers in
human malignant cell lines. Cancer Genet
Cytogenet 1996;86:22-28,

Hustinx SR, Hruban RH, Leoni LM, la-
cobuzio-Donahue C, Cameron JL, Yeo CJ,
Brown PN, Argani P, Ashfaq R, Fukushima
N, Goggins M, Kern SE, Maitra A: Homozy-
gous deletion of the MTAP gene in invasive
adenocarcinoma of the pancreas and in peri-
ampullary cancer: a potential new target for
therapy. Cancer Biol Ther 2005;4:83-86.
Illei PB, Rusch VW, Zakowski MF, Ladanyi M:
Homozygous deletion of CDKN2A and code-
letion of the methylthioadenosine phosphory-
lase gene in the majority of pleural mesothe-
liomas. Clin Cancer Res 2003;9:2108-2113.
Kirsch DG, Kastan MB: Tumor-suppressor
p53: implications for tumor development
and prognosis. J Clin Oncol 1998;16:3158-
3168.

Redston MS, Caldas C, Seymour AB, Hru-
ban RH, da Costa L, Yeo CJ], Kern SE: p53
mutations in pancreatic carcinoma and evi-
dence of common involvement of homo-
copolymer tracts in DNA microdeletions
Cancer Res 1994;54:3025-3033.

HermekingH, Lengauer C, Polyak K, He TC,
Zhang L, Thiagalingam §, Kinzler KW, Vo-
gelstein B: 14-3-3 sigma is a p53-regulated
inhibitor of G2/M progression. Mol Cell
1997;1:3-11.

ChanTA, Hermeking H, Lengauer C, Kinzler
KW, Vogelstein B: 14-3-3 Sigma is required
to prevent mitotic catastrophe after DNA
damage, Nature 1999;401:616-620,

Weiss RH, Marshall D, Howard L, Corbacho
AM, Cheung AT, Sawai ET: Suppression of
breast cancer growth and angiogenesis by
an antisense oligodeoxynucleotide to p21
(Waf1/Cipl). Cancer Lett 2003;189:39-48,
Doucas H, Garcea G, Neal CP, Manson MM,
Berry DP: Chemoprevention of pancreatic
cancer: a review of the molecular pathways
involved, and evidence for the potential for
chemoprevention. Pancreatology 2006;6:
429-439.

Pancreatic Carcinogenesis

3

30

—

32

33

34

35

36

37

38

39

40

Ahrendt SA, Brown HM, Komorowski RA,
Zhu YR, Wilson SD, Erickson BA, Ritch PS,
Pitt HA, Demeure M]: p21(WAF1) expres-
sion is associated with improved survival af-
ter adjuvant chemoradiation for pancreatic
cancer. Surgery 2000;128:520-528.

Song MM, Nio Y, Dong M, Tamura K, Furuse
K, Tian YL, He SG, Shen K: Comparison of
K-ras point mutations at codon 12 and p21
expression in pancreatic cancer between Jap-
anese and Chinese patients. | Surg Oncol
2000;75:176-185.

Garcea G, Neal CP, Pattenden CJ, Steward
WP, Berry DP: Molecular prognostic mark-
ers in pancreatic cancer; a systematic review.
Eur ] Cancer 2005;41:2213-2236.

Harada N, Gansauge S, Gansauge F, Gause
H, Shimoyama $, lmaizumi T, Mattfeld T,
Schoenberg MH, Beger HG: Nuclear accu-
mulation of p53 correlates significantly with
clinical features and inversely with the ex-
pression of the cyclin-dependent kinase in-
hibitor p21(WAF1/CIP1) in pancreatic can-
cer. Br ] Cancer 1997;76:299-305.

Nakano K, Vousden KH: PUMA, a novel pro-
apoptotic gene, is induced by p53. Mol Cell
2001;7:683-694.

Villunger A, Michalak EM, Coultas L, Mul-
lauer E, Bock G, Ausserlechner M), Adams
M, Strasser A: p53- and drug-induced apo-
ptotic responses mediated by BH3-only pro-
teins Puma and Noxa. Science 2003;302:
1036-1038.

Yu J, Zhang L: The transcriptional targets of
P53 in apoptosis control, Biochem Biophys
Res Commun 2005;331:851-858.

He L, He XY, Lim LP, De Stanchina E, Xuan
ZY, Liang Y, Xue W, Zender L, Magnus ],
Ridzon D, Jackson AL, Linsley PS, Chen CF,
Lowe SW, Cleary MA, Hannon GJ: A mi-
croRNA component of the p53 tumour sup-
pressor network. Nature 2007;447:1130-
1134,

Tarasov V, Jung P, Verdoodt B, Lodygin D,
Epanchintsev A, Menssen A, Meister G, Her-
meking H: Differential regulation of mi-
croRNAs by p53 revealed by massively paral-
lel Sequencing - miR-34a is a p53 target that
induces apoptosis and G(1)-arrest, Cell Cycle
2007;6:1586-1593.

Chang TC, Wentzel EA, Kent OA, Rama-
chandran K, Mullendore M, Lee KH, Feld-
mann G, Yamakuchi M, Ferlito M, Lowen-
stein CJ, Arking DE, Beer MA, Maitra A,
Mendell )T: Transactivation of miR-34a by
p53 broadly influences gene expression and
promotes apoptosis. Mol Cell 2007;26:745~
752,

Hahn SA, Schutte M, Hoque AT, Moskaluk
CA, da Costa LT, Rozenblum E, Weinstein
CL, Fischer A, Yeo CJ, Hruban RH, Kern SE:
DPC4, a candidate lumor suppressor gene at
human chromosome 18qg21.1. Science 1996;
271:350-353,

41

42

43

44

45

46

47

48

49

50

51

Wilentz RE, lacobuzio-Donahue CA, Ar-
gani P, McCarthy DM, Parsons )L, Yeo CJ,
Kern SE, Hruban RH: Loss of expression of
Dpc4 in pancreatic intraepithelial neoplasia:
evidence that DPC4 inactivation accurs late
in neoplastic progression. Cancer Res 2000;
60:2002-2006.

Wilentz RE, Su GH, Dai JL, Sparks AB, Ar-
gani P, Sohn TA, Yeo C), Kern SE, Hruban
RH:Immunohistochemicallabeling for dpc4
mirrors genetic status in pancreatic adeno-
carcinomas: a new marker of DPC4 inactiva-
tion. Am ) Pathol 2000;156:37-43.
Massague J, Blain SW, Lo RS: TGFbeta sig-
naling in growth control, cancer, and heri-
table disorders. Cell 2000;103:295-309.
Schneider G, Schmid RM: Genetic altera-
tions in pancreatic carcinoma. Mol Cancer
2003;2:15,

Bardeesy N, DePinho RA: Pancreatic cancer
biology and genetics. Nat Rev Cancer 2002;
2:897-909.

Schutte M, Hruban RH, Hedrick L, Cho KR,
Nadasdy GM, Weinstein CL, Bova GS, Isaacs
W3, Cairns P, Nawroz H, Sidransky D, Ca-
sero RA Jr, Meltzer £S, Hahn SA, Kern SE:
DPC4 gene in various tumor types. Cancer
Res 1996;56:2527-2530.

Hahn SA, Bartsch D, Schroers A, Galehdari
H, Becker M, Ramaswamy A, Schwarte-
WaldhoffI, Maschek H, Schmiegel W: Muta-
tions of the DPC4/Smad4 gene in biliary
tract carcinoma. Cancer Res 1998;58:1124-
1126.

Hemminki A, Markie D, Tomlinson I, Avi-
zienyte E, Roth §, Loukola A, Bignell G, War-
ren W, Aminoff M, Héglund P, Jarvinen H,
Kristo P, Pelin K, Ridanpié M, Salovaara R,
Toro T, Bodmer W, Olschwang S, Olsen AS,
Stratton MR, de la Chapelle A, Aaltonen LA:
A serine/threonine kinase gene defective in
Peutz-Jeghers syndrome, Nature 1998;391:
184-187.

Hemminki A, Tomlinson I, Markie D,
Jirvinen H, Sistonen P, Bjérkqvist AM,
Knuutila S, Salovaara R, Bodmer W, Shibata
D, de la Chapelle A, Aaltonen LA: Localiza-
tion of a susceptibility locus for Peutz-Je-
ghers syndrome to 19p using comparative
genomic hybridization and targeted linkage
analysis, Nat Genet 1997;15:87-90.

Su GH, Hilgers W, Shekher MC, Tang D),
Yeo CJ, Hruban RH, Kern SE: Alterations in
pancreatic, biliary, and breast carcinomas
support MKK4 as a genetically targeted tu-
mor suppressor gene. Cancer Res 1998;58:
2339-2342.

Xin W, Yun K], Ricci F, Zahurak M, Qiu
W, Su GH, Yeo CJ], Hruban RH, Kern SE,
lacobuzio-Donahue CA: MAP2K4/MKK4
expression in pancreatic cancer: genetic
validation of immunohistochemistry and
relationship to disease course. Clin Cancer
Res 2004;10:8516-8520.

Pancreatology 2008;8:110-125

121

Exhibit 28 - 323



52

53

54

55

56

57

58

59

60

61

62

Su GH, Bansal R, Murphy KM, Montgomery
E, Yeo CJ, Hruban RH, Kern SE: ACVRIB
(ALK4, activin receptor type 1B) gene muta-
tions in pancreatic carcinoma. Proc Natl
Acad Sci USA 2001;98:3254-3257.

Hempen PM, Zhang L, Bansal RK, Ia-
cobuzio-Donahue CA, Murphy KM, Maitra
A, Vogelstein B, Whitehead RH, Markowitz
SD, Willson JK, Yeo C], Hruban RH, Kern
SE: Evidence of selection for clones having
genetic inactivation of the activin A type Il
receptor (ACVR2) gene in gastrointestinal
cancers. Cancer Res 2003;63:994-999.
Hruban RH, lacobuzio-Donahue C, Wilentz
RE, Goggins M, Kern SE: Molecular pathol-
ogy of pancreatic cancer. Cancer ] 2001;,7:
251-258,

Goggins M, Shekher M, Turnacioglu K, Yeo
C), Hruban RH, Kern SE: Genetic alterations
of the transforming growth factor beta re-
ceptor genes in pancreatic and biliary ade-
nocarcinomas. Cancer Res 1998;58:5329-
5332,

Heldin CH, Miyazono K, tenDijke P: TGF-
beta signalling from cell membrane to nucle-
us through SMAD proteins, Nature 1997,
390:465-471.

Elliott RL, Blobe GC: Role of transforming
growth factor Beta in human cancer. | Clin
Oncol 2005;23:2078-2093.

Gaspar NJ, Li LY, Kapoun AM, Medicherla §,
Reddy M, Li G, O'Young G, Quon D, Henson
M, Damm DL, Muiru GT, Murphy A, Hig-
gins LS, Chakravarty S, Wong DH: Inhibi-
tion of transforming growth factor beta sig-
naling reduces pancreatic adenocarcinoma
growth and invasiveness. Mol Pharmacol
2007;72:152-161.

Almoguera C, Shibata D, Forrester K, Mar-
tin J, Arnheim N, Perucho M: Most human
carcinomas of the exocrine pancreas contain
mutant c-K-ras genes. Cell 1988;53:549-
554,

Hruban RH, van Mansfeld AD, Offerhaus
GJ, van Weering DH, Allison DC, Goodman
SN, Kensler TW, Bose KK, Cameron JL, Bos
JL: K-ras oncogene activation in adenocarci-
noma of the human pancreas. A study of 82
carcinomas using a combination of mutant-
enriched polymerase chain reaction analysis
and allele-specific oligonucleotide hybrid-
ization. Am J Pathol 1993;143:545-554,
Tada M, Omata M, Kawai S, Saisho H, Ohto
M, Saiki RK, Sninsky ]]: Detection of Ras
gene mutations in pancreatic juice and pe-
ripheral blood of patients with pancreatic
adenocarcinoma, Cancer Res 1993;53:2472~
2474,

Jimeno A, Hidalgo M: Molecular biomark-
ers: their increasing role in the diagnosis,
characterization, and therapy guidance in
pancreatic cancer. Mol Cancer Ther 2006;5:
787-796.

63

64

65

66

67

68

69

70

71

72

Calhoun ES, Jones JB, Ashfaq R, Adsay V,
Baker 8], Valentine V, Hempen PM, Hilgers
W, Yeo C), Hruban RH, Kern SE: BRAF and
FBXW7 (CDC4, FBW7, AGO, SEL10) muta-
tions in distinct subsets of pancreatic cancer:
potential therapeulic targels. Am ] Pathol
2003;163:1255-1260.

Rajagopalan H, Bardelli A, Lengauer C,
Kinzler KW, Vogelstein B, Velculescu VE:
Tumorigenesis: RAF/RAS oncogenes and
mismatch-repair status. Nature 2002;418:
934,

Davies H, Bignell GR, Cox C, Stephens P, Ed-
kins 8, Clegg S, Teague ), Woffendin H, Gar-
nett MJ, Bottomley W, Davis N, Dicks E, Ew-
ing R, Floyd Y, Gray K, Hall §, Hawes R,
Hughes J, Kosmidou V, Menzies A, Mould C,
Parker A, Stevens C, Watt S, Hooper S, Wil-
son R, Jayatilake H, Gusterson BA, Cooper
C, Shipley J, Hargrave D, Pritchard-Jones K,
Maitland N, Chenevix-Trench G, Riggins G),
Bigner DD, Palmieri G, Cossu A, Flanagan
A, Nicholson A, Ho JW, Leung SY, Yuen ST,
Weber BL, Seigler HF, Darrow TL, Paterson
H, Marais R, Marshall CJ, Wooster R, Strat-
ton MR, Futreal PA: Mutations of the BRAF
gene in human cancer. Nature 2002;417:
949-954,

Vivanco I, Sawyers CL: The phosphati-
dylinositol 3-Kinase AKT pathway in hu-
man cancer. Nat Rev Cancer 2002;2:489-
501

Schonleben E, Qiu WL, Ciau NT, Ho DJ, Li
X]J, Allendorf JD, Remotti HE, Su GH: PIK-
3CA mutations in intraductal papillary mu-
cinous neoplasm/carcinoma of the pancreas.
Clin Cancer Res 2006;12:3851-3855.
Reichert M, Saur D, Hamacher R, Schmid
RM, Schneider G: Phosphoinositide-3-ki-
nase signaling controls S-phase kinase-asso-
ciated protein 2 transcription via E2F1 in
pancreatic ductal adenocarcinoma cells,
Cancer Res 2007;67:4149-4156.

Asano T, Yao Y, Zhu ), Li D, Abbruzzese JL,
Reddy SA: The PI 3-kinase/Akl signaling
pathway is activated due to aberrant Pten ex-
pression and targets transcription factors
NF-kappaB and ¢-Myc in pancreatic cancer
cells. Oncogene 2004;23:8571-8580.

Ebert MP, Fei G, Schandl L, Mawrin C,
Dietzmann K, Herrera P, Friess H, Gress TM,
Malfertheiner P: Reduced PTEN expression
inthe pancreas overexpressing transforming
growth factor-beta 1. Br J Cancer 2002;86:
257-262.

Altomare DA, Tanno 8, De Rienzo A, Klein-
Szanto AJ, Tanno S, Skele KL, Hoffman )P,
Testa JR: Frequent activation of AKT2 kinase
in human pancreatic carcinomas. J Cell Bio-
chem 2003;88:470-476,

Cheng JQ, Ruggeri B, Klein WM, Sonoda G,
Altomare DA, Watson DK, Testa JR: Ampli-
fication of AKT2 in human pancreatic cells
and inhibition of AKT2 expression and tu-
morigenicity by antisense RNA. Proc Natl
Acad Sci USA 1996;93:3636-3641.

122

Pancreatology 2008;8:110~-125

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Ruggeri BA, Huang L, Wood M, Cheng JQ,
Testa JR: Amplification and overexpression
of the AKT2 oncogene in a subset of human
pancreatic ductal adenocarcinomas. Mol
Carcinog 1998;21:81-86.

Schlieman MG, Fahy BN, Ramsamooj R,
Beckett L, Bold R): Incidence, mechanism
and prognostic value of activated AKT in
pancreas cancer. Br ) Cancer 2003;89:2110-
2115.

Feig LA: Ral-GTPases: approaching their 15
minutes of fame. Trends Cell Biol 2003;13:
419-425.

Lim KH, O’Hayer K, Adam $), Kendall $D,
Campbell PM, Der CJ, Counter CM: Diver-
gent roles for RalA and RalB in malignant
growth of human pancreatic carcinoma
cells. Curr Biol 2006;16:2385-2394.

Ingham PW, McMahon AP: Hedgehog sig-
naling in animal development: paradigmns
and principles. Genes Dev 2001;15:3059-
3087,

Thayer SP. di Magliano MP, Heiser PW,
Nielsen CM, Roberts D), Lauwers GY, Qi YP,
Gysin S, Fernandez-del Castillo C, Yajnik V,
Antoniu B, McMahon M, Warshaw AL, He-
brok M: Hedgehog is an early and late media-
tor of pancreatic cancer tumorigenesis. Na-
ture 2003;425:851-856.

Hezel AF, Kimmelman AC, Stanger BZ,
Bardeesy N, DePinho RA: Genetics and biol-
ogy of pancreatic ductal adenocarcinoma.
Genes Dev 2006;20:1218-1249.

Taipale ], Beachy PA: The Hedgehogand Wnt
signaling pathways in cancer. Nature 2001;
411:349-354.

Berman DM, Karhadkar SS, Maitra A, Mon-
tes De Oca R, Gerstenblith MR, Briggs K,
Parker AR, Shimada Y, Eshleman JR, Wat-
kins DN, Beachy PA: Widespread require-
ment for Hedgehog ligand stimulation in
growth of digestive tract tumours. Nature
2003;425:846-851.

Pasca di Magliano M, Sekine S, Ermilov A,
Ferris J, Dlugosz AA, Hebrok M: Hedgehog/
Ras interactions regulate early stages of pan-
creatic cancer. Genes Dev 2006;20:3161-
3173.

Feldmann G, Dhara S, Fendrich V, Bedja D,
Beaty R, Mullendore M, Karikari C, Alvarez
H, lacobuzio-Donahue C, Jimeno A, Gabri-
elson KL, Matsui W, Maitra A: Blockade of
hedgehog signaling inhibits pancreatic can-
cer invasion and metastases: a new paradigm
for combination therapy in salid cancers.
Cancer Res 2007;67:2187-2196.

Ji Z, Mei FC, Xie J, Cheng X: Oncogenic
KRAS activates hedgehog signaling pathway
in pancreatic cancer cells. ) Biol Chem 2007;
282:14048-14055.

Sjolund ), Manetopoulos C, Stockhausen
MT, Axelson H: The Notch pathway in can-
cer: differentiation gone awry. Eur J Cancer
2005;41:2620-2629.

Miele L, Golde T, Osborne B: Notch signaling
in cancer. Curr Mol Med 2006;6:905-918.

Koorstra/Hustinx/Offerhaus/Maitra

Exhibit 28 - 324



87

88

89

90

91

92

93

94

95

96

97

Wang Z, Zhang Y, Li Y, Banerjee §, Liao ),
Sarkar FH: Down-regulation of Notch-1 con-
tributes to cell growth inhibition and apop-
tosis in pancreatic cancer cells. Mol Cancer
Ther 2006;5:483-493,

Miyamoto Y, Maitra A, Ghosh B, Zechner U,
Argani P, lacobuzio-Donahue CA, Sriuran-
pong V, 1so T, Meszoely IM, Wolfe MS, Hru-
ban RH, Ball DW, Schmid RM, Leach SD:
Notch mediates TGF alpha-induced changes
in epithelial differentiation during pancre-
atic tumorigenesis. Cancer Cell 2003;3:565-
576.

Miwa W, Yasuda ), Murakami Y, Yashima K,
Sugano K, Sekine T, Kono A, Egawa §, Yama-
guchi K, Hayashizaki Y, Sekiya I: Isolation
of DNA sequences amplified at chromosome
19q13.1-q13.2 including the AKT2 locus in
human pancreatic cancer. Biochem Biophys
Res Commun 1996;225:968-974.

Maitra A, Kern SE, Hruban RH: Molecular
pathogenesis of pancreatic cancer. Best Pract
Res Clin Gastroenterol 2006;20:211-226.
Henke RT, Haddad BR, Kim SE, Rone JD,
Mani A, Jessup JM, Wellstein A, Maitra A,
Riegel AT: Overexpression of the nuclear re-
ceptor coactivator AIB1 (SRC-3) during pro-
gression of pancreatic adenocarcinoma. Clin
Cancer Res 2004;10:6134-6142.

Yan ), Tsai SY, Tsai MJ: SRC-3/AIBl:tran-
scriptional coactivator in oncogenesis, Acta
Pharmacol Sin 2006;27:387-394.

Wallrapp C, Muller-Pillasch ¥, Solinas-Tol-
do S, Lichter P, Friess H, Buchler M, Fink T,
Adler G, Gress TM: Characterization of a
high copy number amplification at 6924 in
pancreatic cancer identifies c-myb as a can-
didate oncogene. Cancer Res 1997;57:3135-
3139,

Oh IH, Reddy EP: The myb gene family in
cell growth, differentiation and apoptosis.
Oncogene 1999;18:3017-3033,

Han HJ, Yanagisawa A, Kato Y, Park )G, Na-
kamura Y: Genetic instability in pancreatic
cancer and poorly differentiated type of gas-
tric cancer. Cancer Res 1993;53:5087-5089.
Goggins M, Offerhaus G}, Hilgers W, Griffin
CA, Shekher M, Tang D, Sohn TA, Yeo CJ,
Kern SE, Hruban RH: Pancreatic adeno-
carcinomas with DNA replication errors
(RER+) are associated with wild-type K-ras
and characteristic histopathology. Poor dif-
ferentiation, a syncytial growth pattern, and
pushing borders suggest RER+, Am ] Pathol
1998;152:1501-1507.

Wilentz RE, Goggins M, Redston M, Marcus
VA, Adsay NV, Sohn TA, Kadkol S8, Yeo CJ,
Choti M, Zahurak M, Johnson K, Tascilar M,
Offerhaus G), Hruban RH, Kern SE: Genetic,
immunohistochemical, and clinical features
of medullary carcinoma of the pancreas: a
newly described and characterized entity.
Am ] Pathol 2000;156:1641-1651.

Pancreatic Carcinogenesis

100

101

102

103

104

105

106

107

108

109

Yamamoto H, Itoh F, Nakamura H, Fuku-
shima H, Sasaki $, Perucho M, lmai K:
Genetic and clinical features of human
pancreatic ductal adenocarcinomas with
widespread microsatellite instability. Can-
cer Res 2001;61:3139-3144.

van der Heijden MS, Yeo C), Hruban RH,
Kern SE: Fanconi anemia gene mutations in
young-onset pancreatic cancer. Cancer Res
2003;63:2585-2588.

Goggins M, Schutte M, Lu }, Moskaluk CA,
Weinstein CL, Petersen GM, Yeo CJ, Jackson
CE, Lynch HT, Hruban RH, Kern SE: Germ-
line BRCA 2 gene mutations in patients with
apparently sporadic pancreatic carcinomas.
Cancer Res 1996;56:5360-5364.

Hahn $SA, Greenhalf B, Ellis I, Sina-Frey M,
Rieder H, Korte B, Gerdes B, Kress R,
Ziegler A, Raeburn JA, Campra D,
Grutzmann R, Rehder H, Rothmund M,
Schmiegel W, Neoptolemos JP, Bartsch DK:
BRCA2 germline mutations in familial
pancreatic carcinoma. J Natl Cancer Inst
2003;95:214-221.

van der Heijden MS, Brody JR, Dezentje
DA, Gallmeier E, Cunningham SC, Swartz
M], DeMarzo AM, Offerhaus GJ, Isacoff
WH, Hruban RH, Kern SE: In vivo thera-
peutic responses contingent on Fanconi
anemia/BRCA2 status of the tumor. Clin
Cancer Res 2005;11:7508-7515.
Cohenuram M, SaifMW: Epidermalgrowth
factor receptor inhibition strategies in pan-
creatic cancer: past, present and the future.
JOP 2007;8:4-15.

Day JD, Digiuseppe JA, Yeo C, Lai-Gold-
man M, Anderson SM, Goodman SN, Kern
SE, Hruban RH: lmmunchistochemical
evaluation of HER-2/neu expression in
pancreatic adenocarcinoma and pancreatic
intraepithelial neoplasms. Hum Pathol
1996;27:119-124.

Tomaszewska R, Okon K, Nowak K, Sta-
chura J; HER-2/Neu expression as a pro-
gression marker in pancreatic intraepithe-
lial neoplasia. Pol | Pathol 1998;49:83-92.
Stoecklein NH, Luebke AM, Erbersdaobler
A, Knoefel WT, Schraut W, Verde PE, Stern
F, Scheunemann P, Peiper M, Eisenberger
CF, Izbicki JR, Klein CA, Hosch $B: Copy
number of chromosome 17 but not HER2
amplification predicts clinical outcome of
patients with pancreatic ductal adenocarci-
noma. ] Clin Oncol 2004;22:4737-4745.
Talar-Wojnarowska R, Malecka-Panas E:
Molecular pathogenesis of pancreatic ade-
nocarcinoma: potential clinical implica-
tions. Med Sci Monit 2006;12:RA186-
RA193.

Zhu ZW, Friess H, Wang L, Bogardus T,
Korc M, Kleeff J, Buchler MW: Nerve
growth factor exerts differential effects on
the growth of human pancreatic cancer
cells. Clin Cancer Res 2001;7:105-112.
Korc M: Role of growth factors in pancre-
atic cancer. Surg Oncol Clin N Am 1998;7:
25-41.

110

111

112

113

114

115

116

117

118

119

120

121

Noguera-Troise I, Daly C, Papadopoulos
NJ, Coetzee S, Boland P, Gale NW, Lin HC,
Yancopoulos GD, Thurston G: Blockade of
DIll4 inhibits tumour growth by promoting
non-productive angiogenesis. Nature 2006;
444:1032-1037.

Suchting 8, Freitas C, le Noble F, Benedito
R, Bréant C, Duarte A, Eichmann A: The
Notch ligand Delta-like 4 negatively regu-
lates endothelial tip cell formation and ves-
sel branching, Proc Natl Acad Sci USA
2007;104:3225-3230.

Lobov IB, Renard RA, Papadopoulos N,
Gale NW, Thurston G, Yancopoulos GD,
Wiegand S): Delta-like ligand 4 (DI14) is in-
duced by VEGF as a negative regulator of
angiogenic sprouting. Proc Natl Acad Sci
USA 2007;104:3219-3224.

Gisselsson D, Pettersson L, Hoglund M,
Heidenblad M, Gorunova L, Wiegant ],
Mertens F, Dal Cin P, Mitelman F, Mandahl
N: Chromosomal breakage-fusion-bridge
events cause genetic intratumor heteroge-
neity. Proc Natl Acad Sci USA 2000:97:
5357-5362,

Van Heek NT, Meeker AK, Kern SE, Yeo CJ,
Lillemoe KD, Cameron JL, Offerhaus GJ,
Hicks )L, Wilentz RE, Goggins MG, De
Marzo AM, Hruban RH, Maitra A: Telo-
mere shortening is nearly universal in pan-
creatic intraepithelial neoplasia. Am )
Pathol 2002;161:1541-1547.

Meeker AK, Hicks JL, Plaiz EA, March GE,
Bennett CJ, Delannoy MJ, De Marzo AM:
Telomere shortening is an early somatic
DNA alteration in human prostate tumori-
genesis. Cancer Res 2002;62:6405-6409.
Gisselsson D, Jonson T, Petersén A, Strém-
beck B, Dal Cin P, Héglund M, Mitelman F,
Mertens F, Mandahl N: Telomere dysfunc-
tion triggers extensive DNA fragmentation
and evolution of complex chromosome ab-
normalities in human malignant tumors.
Proc Natl Acad Sci USA 2001;98:12683-
12688.

O’Hagan RC, Chang$, Maser RS, Mohan R,
ArtandiSE, Chin L, DePinho RA: Telomere
dysfunction provokes regional amplifica-
tion and deletion in cancer genomes. Can-
cer Cell 2002;2:149-155.

Meeker AK, De Marzo AM: Recent advanc-
es in telomere biology: implications for hu-
man cancer. Curr Opin Oncol 2004;16:32—
38.

Von Hoff DD, Evans DB, Hruban RH: Pan-
creatic Cancer. Sudbury, Jonesand Bartiett,
2005, pp 31-43.

Klein AP, Hruban RH, Brune KA, Petersen
GM, Goggins M: Familial pancreatic can-
cer. Cancer ) 2001;7:266-273,

Lynch HT, Smyrk T, Kern SE, Hruban RH,
Lightdale CJ, Lemon S}, Lynch JF, Fusaro

- LR, Fusaro RM, Ghadirian P: Familial pan-

creatic cancer: a review. Semin Oncol 1996;
23:251-275.

Pancreatology 2008;8:110-125

123

Exhibit 28 - 325



122

123

124

125

126

127

128

129

130

131

Amundadottir 1.1, Thorvaldsson §, Gud-
bjartsson DF, Sulem P, Kristjansson K, Ar-
nason S, Gulcher JR, Bjornsson J, Kong A,
Thorsteinsdottir U, Stefansson K: Cancer
as a complex phenotype: pattern of cancer
distribution within and beyond the nuclear
family. PLoS Med 2004;1:e65.

Klein AP, Brune KA, Petersen GM, Gog-
gins M, Tersmette AC, Offerhaus GJ, Grif-
fin C, Cameron JL, Yeo CJ, Kern $, Hruban
RH: Prospective risk of pancreatic cancer
in familial pancreatic cancer kindreds.
Cancer Res 2004;64:2634-2638.

Klein AP, Beaty TH, Bailey-Wilson JE,
Brune KA, Hruban RH, Petersen GM: Evi-
dence for a major gene influencing risk of
pancreatic cancer. Genet Epidemiol 2002;
23:133-149.

Brune K, Abe T, Canto M, O'Malley L,
Klein AP, Maitra A, Volkan AN, Fishman
EK, Cameron ]L, Yeo C), Kern SE, Goggins
M, Hruban RH: Multifocal neoplastic pre-
cursor lesions associated with lobular atro-
phy of the pancreas in patients having a
strong family history of pancreatic cancer.
Am | Surg Pathol 2006;30:1067-1076.
Berman DB, Costalas ), Schultz DC, Grana
G, Daly M, Godwin AK: A common muta-
tion in BRCAZ that predisposes to a variety
of cancers is found in both Jewish Ashke-
nazi and non-Jewish individuals. Cancer
Res 1996;56:3409-3414,

Schutte M, da Costa LT, Hahn SA, Moska-
luk C, Hoque AT, Rozenblum E, Weinstein
CL, Bittner M, Meltzer PS, Trent |M: 1den-
tification by representational difference
analysis of a homozygous deletion in pan-
creatic carcinoma that lies within the
BRCA2 region. Proc Natl Acad Sci USA
1995;92:5950-5954.

Lal G, Liu G, Schmocker B, Kaurah P, Ozce-
lik H, Narod SA, Redston M, Gallinger S:
Inherited predisposition to pancreatic ad-
enocarcinoma: role of family history and
germ-line p16, BRCA1, and BRCA2 muta-
tions. Cancer Res 2000;60:409-416.
Parker JF, Florell SR, Alexander A, DiSario
JA, Shami PJ, Leachman SA: Pancreatic
carcinoma surveillance in patients with fa-
milial melanoma. Arch Dermatol 2003;139:
1019-1025.

Vasen HF, Gruis NA, Frants RR, van Der
Velden PA, Hille ET, Bergman W: Risk of
developing pancreatic cancer in families
with familial atypical multiple mole mela-
noma associated with a specific 19 deletion
of p16 (p16-Leiden). Int | Cancer 2000;87.
809-811.

Giardiello ¥M, Brensinger JD, Tersmette
AC, Goodman SN, Petersen GM, Booker
SV, Cruz-Correa M, Offerhaus JA: Very
high risk of cancer in familial Peutz-Je-
ghers syndrome. Gastroenterology 2000;
119:1447-1453.

132

133

134

135

136

137

138

139

140

Lim W, Hearle N, Shah B, Murday V, Hodg-
son SV, Lucassen A, Eccles D, Talbot [,
Neale K, Lim AG, O’Donohue ], Donaldson
A, Macdonald RC, Young ID, Robinsan
MH, Lee PW, Stoodley BJ, Tomlinson I, Al-
derson D, Holbrook AG, Vyas S, Swarbrick
ET, Lewis AA, Phillips RK, Houlston RS:
Further observations on LKB1/STKI11 sta-
tus and cancer risk in Peutz-Jeghers syn-
drome. Br ] Cancer 2003;89:308-313.
Finch MD, Howes N, Ellis 1, Mountford R,
Sutton R, Raraty M, Neoptolemnos JP: He-
reditary pancreatitis and familial pancre-
atic cancer. Digestion 1997;58:564-569.
Lowenfels AB, Maisonneuve P, Dimagno
EP, Elitsur ¥, Gates LK Jr, Perrault J, Whit-
comb DC: Hereditary pancreatitis and the
risk of pancreatic cancer. International He-
reditary Pancreatitis Study Group. J Natl
Cancer Inst 1997,89:442-446.

Lynch HT, Smyrk TC, Watson P, Lanspa S},
Lynch JF, Lynch PM, Cavalieri R], Boland
CR: Genetics, natural history, tumor spec-
trum, and pathology of hereditary non-
polyposis colorectal cancer: an updated
review. Gastroenterology 1993;104:1535~
1549,

Ornitz DM, Palmiter RD, Hammer RE,
Brinster RL, Swift GH, Macdonald R]: Spe-
cific expression of an elastase human
growth-hormone fusion gene in pancreatic
acinar-cells of transgenic mice. Nature
1985;313:600-602.

Hingorani SR, Petricoin EF, Maitra A, Ra-
japakse V, King C, Jacobetz MA, Ross S,
Conrads TP, Veenstira TD, Hitt BA, Kawa-
guchi Y, Johann D, Liotta LA, Crawford
HC, Putt ME, Jacks T, Wright CV, Hruban
RH, Lowy AM, Tuveson DA: Preinvasive
and invasive ductal pancreatic cancer and
its early detection in the mouse. Cancer
Cell 2003;4:437-450,

Aguirre AJ, Bardeesy N, Sinha M, Lopez L,
Tuveson DA, Horner ], Redston MS, DePin-
ho RA: Activated Kras and Ink4a/Arf defi-
ciency cooperate to produce metastatic
pancreatic ductal adenocarcinoma. Genes
Dev 2003;17:3112-3126.

Bardeesy N, Aguirre AJ, Chu GC, Cheng
KH, Lopez LV, Hezel AF, Feng B, Brennan
C, Weissleder R, Mahmood U, Hanahan D,
Redston MS, Chin L, DePinho RA: Both
pl6(1nk4a) and the pl9(Arf)-p53 pathway
constrain progression of pancreatic adeno-
carcinoma in the mouse, Proc Natl Acad Sci
USA 2006;103:5947-5952.

Hingorani SR, Wang L, Multani AS, Combs
C, Deramaudt TB, Hruban RH, Rustgi AK,
Chang 8, Tuveson DA: Trp53R172H and
KrasGG12D cooperate to promote chromo-
somal instability and widely metastatic
pancreatic ductal adenocarcinoma in mice.
Cancer Cell 2005;7:469-483.

Deramaudt T, Rustgi AK: Mutant KRAS in
the initiation of pancreatic cancer. Biochim
Biophys Acta 2005;1756:97-101.

124

Pancreatology 2008;8:110-125

142

143

144

145

146

147

148

149

Grippo PJ, Nowlin PS, Demeure M/, Long-
necker DS, Sandgren EP: Preinvasive pan-
creatic neoplasia of ductal phenotype in-
duced by acinar cell targeting of mutant
Kras in transgenic mice. Cancer Res 2003;
63:2016-2019.

Guerra C, Schuhmacher A}, Canamero M,
Grippo PJ, Verdaguer L, Perez-Gallego L,
Dubus P, Sandgren EP, Barbacid M: Chron-
ic pancreatitis is essential for induction of
pancreatic ductal adenocarcinoma by K-
Ras oncogenes in adult mice. Cancer Cell
2007;11:291-302.

Hustinx SR, Cao D, Maitra A, Sato N, Mar-
tin ST, Sudhir D, lacobuzio-Donahue C,
Cameron )L, Yeo CJ], Kern SE, Goggins M,
Mollenhauer J, Pandey A, Hruban RH: Dif-
ferentially expressed genes in pancreatic
ductaladenacarcinomasidentified through
serial analysis of gene expression. Cancer
Biol Ther 2004;3:1254-1261.
lacobuzio-Donahue CA, Ashfaq R, Maitra
A, Adsay NV, Shen-Ong GL, Berg K, Hol-
lingsworth MA, Cameron /L, Yeo CJ, Kern
SE, Goggins M, Hruban RH: Highly ex-
pressed genes in pancreatic ductal adeno-
carcinomas: a comprehensive characteriza-
tion and comparison of the transcription
profiles obtained from three major technol-
ogies. Cancer Res 2003;63:8614-8622,
lacobuzio-Donahue CA, Maitra A, Olsen
M, Lowe AW, Van Heek NT, Rosty C, Wal-
ter K, Sato N, Parker A, Ashfaq R, Jaffee E,
Ryu B, Jones ], Eshleman JR, Yeo C], Cam-
eron JL, Kern SE, Hruban RH, Brown PO,
Goggins M: Exploration of global gene ex-
pression patterns in pancreatic adenocarci-
noma using ¢DNA microarrays. Am ]
Pathol 2003;162:1151-1162.
Tacobuzio-Donahue CA, Maitra A, Shen-
Ong GL, van Heek T, Ashfag R, Meyer R,
Walter K, Berg K, Hollingsworth MA,
Cameron JL, Yeo CJ, Kern SE, Goggins M,
Hruban RH: Discovery of novel tumor
markers of pancreatic cancer using global
gene expression technology. Am ] Pathol
2002;160:1239-1249.

Argani P, lacobuzio-Donahue C, Ryu B,
Rosty C, Goggins M, Wilentz RE, Muru-
gesan SR, Leach SD, Jaffee E, Yeo CJ, Cam-
eron JL, Kern SE, Hruban RH: Mesothelin
is overexpressed in the vast majority of duc-
tal adenocarcinomas of the pancreas: iden-
tification of a new pancreatic cancer mark-
er by serial analysis of gene expression
(SAGE). Clin Cancer Res 2001;7:3862-
3868.

McCarthy DM, Maitra A, Argani P, Rader
AE, Faigel DO, Van Heek NT, Hruban RH,
Wilentz RE: Novel markers of pancreatic
adenocarcinoma in fine-needle aspiration:
mesothelin and prostate stem cell antigen
labeling increases accuracy in cytologically
borderline cases. Appl Immunohistochem
Mol Morphol 2003;11:238-243.

Koorstra/Hustinx/Offerhaus/Maitra

Exhibit 28 - 326



150

151

152

153

154

Koopmann ], Fedarko NS, Jain A, Maitra A,
lacobuzio-Donahue C, Rahman A, Hruban
RH, Yeo CJ, Goggins M: Evaluation of os-
teopontin as biomarker for pancreatic ade-
nocarcinoma, Cancer Epidemiol Biomark-
ers Prev 2004;13:487-491.
Esquela-Kerscher A, Slack F): Oncomirs -
microRNAs with a role in cancer. Nature
Rev Cancer 2006;6:259-269.

Szafranska AE, Davison TS, John ], Can-
non T, Sipos B, Maghnouj A, Labourier E,
Hahn SA: MicroRNA expression altera-
tions are linked to tumorigenesis and non-
neoplastic processes in pancreatic ductal
adenocarcinoma. Oncogene 2007;26:4442—
4452,

Valencia-Sanchez MA, Liu JD, Hannon G},
Parker R: Control of translation and mRNA
degradation by miRNAs and siRNAs.
Genes Dev 2006;20:515-524.

Bloomston M, Frankel WL, Petrocca F, Vo-
linia §, Alder H, Hagan JP, Liu CG, Bhatt D,
Taccioli C, Croce CM: MicroRNA expres-
sion patterns to differentiate pancreatic
adenocarcinoma from normal pancreas
and chronic pancreatitis. JAMA 2007;297;
1901-1908.

Pancreatic Carcinogenesis

155

156

157

158

159

160

Lee E), Gusev Y, Jiang J, Nuovo GJ, Lerner
MR, Frankel W1, Morgan DL, Postier RG,
Brackett DJ, Schmittgen TD: Expression
profiling identifies microRNA signature in
pancreatic cancer. Int ] Cancer 2007;120:
1046-1054.

Krutzfeldt ], Rajewsky N, Braich R, Rajeev
K@, Tuschl T, Manoharan M, Stoffel M: Si-
lencing of microRNAs in vivo with ‘an-
tagomirs’. Nature 2005;438:685-689.
Kimura K, Satoh K, Kanno A, Hamada S,
Hirota M, Endoh M, Masamune A, Shi-
mosegawa T: Activation of Notch signaling
in tumorigenesis of experimental pancre-
atic cancer induced by dimethylbenzan-
thracene in mice, Cancer Sci 2007;98:155-
162,

van Es JH, van Gijn ME, Riccio O, van den
Born M, Vooijs M, Begthel H, Cozijnsen M,
Robine S, Winton DJ, Radtke F, Clevers H:
Notch/gamma-secretase inhibition turns
proliferative cells in intestinal crypts and
adenormas into goblet cells. Nature 2005;
435:959-963.

van Bs JH, Clevers H: Notch and Wnt in-
hibitors as potential new drugs for intesti-
nal neoplastic disease. Trends Mol Med
2005;11:496-502.

Beachy PA, Karhadkar $S, Berman DM:
Tissue repair and stem cell renewal in car-
cinogenesis, Nature 2004;432:324-331.

161

162

163

164

Von Hoff DD: What’s new in pancreatic
cancer treatment pipeline? Best Pract Res
Clin Gastroenterol 2006;20:315-326.
Safran H, lannitti D, Ramanathan R,
Schwartz )D, Steinhoff M, Nauman C, Hes-
keth P, Rathore R, Wolff R, Tantravahi U,
Hughes TM, Maia C, Pasquariello T, Gold-
stein L, King T, Tsai JY, Kennedy T: Her-
ceptin and gemcitabine for metastatic pan-
creaticcancers thatoverexpress HER-2/neu.
Cancer Invest 2004;22:706-712.

Kimura K, Sawada T, Komatsu M, Inoue M,
Muguruma K, Nishihara T, Yamashita Y,
Yamada N, Ohira M, Hirakawa K: Antitu-
mor effect of trastuzumab for pancreatic
cancer with high HER-2 expression and en-
hancement of effect by combined therapy
with gemcitabine, Clin Cancer Res2006;12:
4925-4932.

Maitra A, Adsay NV, Argani P, lacobuzio-
Donahue C, De Marzo A, Cameron JL, Yeo
C), Hruban RH: Multicomponent analysis
of the pancreatic adenocarcinoma progres-
sion model using a pancreatic intraepithe-
lial neoplasia tissue microarray. Mod Pathol
2003;16:902-912,

Pancreatology 2008;8:110-125

125

Exhibit 28 - 327



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Exhibit 28 - 328



EXHIBIT 29

Exhibit 29 - 329



Design of the liraglutide effect and action in diabetes:
Evaluation of cardiovascular outcome results
(LEADER) trial

Steven P. Marso, MD,®™ Neil R. Poulter, FRCP, >™ Steven E. Nissen, MD, “™ Michael A. Nauck, MD, din
Bernard Zinman, MD, ©™ Gilbert H. Daniels, MD, "™ Stuart Pocock, PhD, *™ William M. Steinberg, MD, ™™
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Kirstine Brown Frandsen, MD, *™ Alan C. Moses, MD, ™ and John B. Buse, MD, PhD "™ Kansas City, Missouri;
London, United Kingdom; Cleveland, OH; Lauterberg, and Erlangen, Germany; Toronto, Canada; Boston, MA;
Rockuville, MD; Minneapolis, MN; Bagsvaerd, DE; and Cbapel Hill, NC

Background Diabetes is a multisystem disorder associated with a nearly twofold excess risk for a broad range of
adverse cardiovascular outcomes including coronary heart disease, stroke, and cardiovascular death. Liraglutide is @ human
glucagon-like peptide receptor analog approved for use in patients with type 2 diabetes mellitus (T2DM).

Study Design To formally assess the cardiovascular safety of liraglutide, the Liraglutide Effect and Action in Diabetes:
Evaluation of cardiovascular outcome Results (LEADER) trial was commenced in 2010. LEADER is a phase 3B, multicenter,
international, randomized, double-blind, placebocontrolled clinical trial with long-term follow-up. Patients with T2DM at high
risk for cardiovascular disease [CVD) who were either drug naive or treated with oral antihyperglycemic agents or selected
insulin regimens {human NPH, long-acting analog, or premixed) alone or in combination with oral antihyperglycemics were
eligible for inclusion. Randomized patients are being followed for up to 5 years. The primary end point is the time from
randomization to a composite outcome consisting of the first occurrence of cardiovascular death, nonfatal myocardial
infarction, or nonfatal stroke.

Conclusions LEADER commenced in September 2010, and enrollment concluded in April 2012. There were 9,340
patients enrolled at 410 sites in 32 countries. The mean oge of patients was 64.3 + 7.2 years, 64.3% were men, and mean
body mass index was 32.5 £ 6.3 kg/m?. There were 7,592 (81.3%) patients with prior CVYD and 1,748 (18.7%) who
were high risk but without prior CVD. It is expected that LEADER will provide conclusive data regarding the cardiovascular
safety of liraglutide relative to the current standard of usual care for a global population of patients with T2DM. {Am Heart ]
2013;166:823-830.e5.)

States,” and the prevalence continues to increase.
Diabetes is a chronic disease associated with long-term
vascular complications. Type 2 diabetes mellitus (I2DM)
is a multisystem disorder that is also independently
associated with a nearly twofold excess risk for a broad
range of adverse cardiovascular outcomes including
coronary heart disease (CHD), stroke, and cardiovascular
death. Subgroups of individuals with diabetes at lower
absolute risk of cardiovascular complications, including
women, younger persons, nonsmokers, and persons with
below average blood pressure, also have an elevated risk
of micro- and macrovascular complications (including
CHD), compared with persons without diabetes.”
Effective strategies to mitigate cardiovascular risk and
prevent or reduce the occurrence of microvascular
complications are the cornerstone of treatment for

Background
Diabetes mellitus affects nearly 350 million people
worldwide,l including 26 million patients in the United
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patients with diabetes.” These measures include lifestyle
management, smoking cessation, and individualized risk
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factor treatment for low-density lipoprotein cholesterol
and blood pressure. Glycemic control significandy re-
duces the development and progression of microvascular
complications. Although metformin is the mainstay of
initial therapy, treatment with a glucagon-like peptide-1
(GLP-1) receptor agonist is now regularly used as an add-
on approach to achieve glycemic control.?

Although available diabetes therapies clearly improve
glycemic control, the cardiovascular safety of particular
glucoselowering agents is controversial. When cardiovas-
cular safety concerns were identified in an agonist of the
peroxisome proliferator-activated receptor gamma class,(’
as well as in a separate federally funded study examining
tight glycemic control in general,” the United States Food
and Drug Administration subsequently issued mandatory
guidelines to manufacturers for evaluating the cardiovas-
cular safety of emerging therapies to treat diabetes.® Before
new diabetes drug approval, manufacturers are now
required to perform an integrated meta-analysis of
completed studies to demonstrate an estimated relative
risk with upper two-sided 95% confidence limits for major
adverse cardiovascular events of <1.8 versus comparators.
If the upper limit is 1.3 to 1.8, safety must subsequently be
demonstrated in postmarketing cardiovascular outcome
trials to rule out an upper confidence limit of 1.3.

Glucagorn-like peptide-1 and liraglutide. Native GLP-1
is an incretin hormone produced in the gut and secreted
in response to food consumption.9 The main pharmaco-
logical effects of GLP-1 are stimulation of endogenous
insulin in response to elevated glucose, suppression of
elevated glucagon, and regulation of satiety/appetitew'“
and are all potentially beneficial or impaired in T2DM,

Liraglutide is an analog of human GLP-1 approved for
use in patients with T2DM. Liraglutide has 97% homology
with human GLP-1 and is administered subcutaneously
once daily. Its glucose-lowering efficacy has been
established, and its use results in hemoglobin Alc
(HbA1c) reductions of 1.0 to 1.5% in addition to moderate
weight loss across a wide range of patient types.'? To
formally assess the cardiovascular safety of liraglutide, the
Liraglutide Effect and Action in Diabetes: Evaluation of
cardiovascular outcome Results (LEADER) trial (clinical-
trials.gov NCT01179048) was commenced in 2010. This
article reports the study design and baseline characteris-
tics of the study population.

Study design

Objective. The primary objective of LEADER is to
assess the effect of treatment with liraglutide compared to
placebo (for at least 3.5 years and up to 5 years) on the
incidence of cardiovascular events, as defined by the
primary end point of cardiovascular death, nonfatal
myocardial infarction (MI), or nonfatal stroke in adult
patients with T2DM. The primary analysis will be
noninferiority testing. If the prespecified noninferiority
criteria are met, then superiority testing will be per
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formed. Noninferiority of liraglutide versus placebo will
be assessed by inspecting the upper range of the two-
sided 95% CI, and noninferiority will be established if that
upper range is <1.3. Only if noninferiority is established
for the primary outcome will the data then be used to test
for evidence of a lower outcome hazard with liraglutide
over placebo. Superiority will be established if the hazard
ratio of the upper range of the two-sided 95% CI is <1.0.
This approaches a closed testing procedure, and there-
fore, no adjustment of the significance level is required.

Patient population. LEADER is a phase 3B, multi-
center, international, randomized, double-blind, place-
bo-controlled clinical trial with long-term follow-up
(Figure 1). Male and female patients with T2DM, who
were either drug naive or treated with oral antihyper-
glycemic agents or selected insulin regimens (human
NPH, long-acting analog, or premixed) alone or in
combination with oral antihyperglycemics were eligible
for inclusion.

LEADER enrolled 2 distinct populations of high-risk
patients either with or without prior cardiovascular
disease (CVD): (1) patients with prior CVD were =50
years old and had one or more of the following
cardiovascular comorbidities (detailed criteria are
shown in Table I); concomitant CVD, cerebrovascular
disease, peripheral vascular disease, chronic renal
failure, or chronic heart failure; (2) patients without
prior CVD were 260 years old at screening and had one
or more cardiovascular risk factors shown in Table L
Enrollment of approximately 400 patients with moderate
(30-59 ml/min per 1.73 m? and 200 patients with
severe (<30 mL/min per 1.73 m?) reductions in baseline
estimated glomerular filtration rate (¢GFR) as estimated
using the Modification of Diet in Renal Disease (MDRD)
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Table 1. LEADER Inclusions and Exclusions

Inclusion criteria
® Type 2 diabetes
» Anti-diabetic drug ndive or treated with one or more oral anti-diabetic
drugs or treated with human NPH insulin or long-acting insulin
analogue or premixed insulin, alone or in combinafion with OAD(s)
® HbAic 27.0%
® Prior CVD cohort: oge 250 and 21 of the following criteria.
o Prior Ml
o Prior stroke or TIA
o Prior coronary, carotid or peripheral arterial revasculorization
o >50% stenosis of coronary, carotid, or lower exiremity arteries
o History of symptomatic CHD documented by Positive exercise stress
test or any cardiac imaging or Unstable angina with ECG changes
o Asymptomatic cardiac ischemia
Documented by positive nuclear imaging fest, exercise test or
dobutamine stress echo
o Chronic heart failure NYHA class II-1l|
o Chronic renal failure,
6GFR <60 ml/min per 1.73m? MDRD
6GFR <60 ml/min per Cockeroft-Gault formula
® No Prior CVD group: Age 260 y and 21 of the following criteria,
© Microalbuminurio or profeinuria
o Hypertension and left ventriculor hypertrophy by ECG or imaging
o Left ventricular systolic or diastolic dysfunction by imaging
o Ankle-brachial index <0.9
Exclusion criteria
® Type 1 diabetes
® Calcitonin 250 ng/L
® Use of o GLP-1 receptor agonist (exenatide, liraglutide or other) or
pramlintide or any DPP-4 inhibitor within the 3 months prior fo screening
e Use of insulin other than human NPH insulin or long-acling insulin
analogue or premixed insulin within 3 months prior to screening. Short-
term use of other insulin during this period in connection with
intercurrent illness is allowed, of Investigators discretion
® Acute decompensation of glycemic control
® An acule coronary or cerebrovascular event in the previous 14d
s Currently planned coronary, carofid, or peripheral artery
revascularization
e Chronic heart failure {NYHA class [V)
® Current continuous renal replacement therapy
® End-stage liver disease
» History of solid organ transplant or awaiting solid organ transplant
® Malignant neoplasm
® Family or personal history of multiple endocrine neoplasia type 2
(MEN2) or familial medullary thyroid carcinoma {FMTC)
» Personal history of non-familial medullary thyroid carcinoma

equation was also prespecified. Exclusion criteria are
listed in Table 1.

Treatment regimen. After eligibility assessment and
informed consent, patients completed a minimum 2-
week run-in period consisting of a daily single-blind
subcutaneous injection of placebo. Patients demonstrat-
ing >50% adherence to the regimen and willingness to
continue with the injection protocol throughout the trial
then underwent randomization, which was carried out
for all subjects using the interactive voice/web response
system. Subjects meeting all inclusion/exclusion criteria
were randomized in a 1:1 manner to receive a double-
blind, once-daily maximum dose of liraglutide 1.8 mg or
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Table II. Siandard of Care Guidelines for LEADER

Blood glucose
® HbA ¢ <7.0% {individuclized depending on patient).
s If >7.0%, additional HbAlc measurement after 3 m. IF HbATc sfill
>7.0%, freatment should be intensified to achieve target if appropriate.
Therapy
e lifestyle modifications and metformin are considered foundational
therapy in most countries
® Intensification:
o Add-on therapy: thiazolidinediones, sulfonylureas, a-glucosidase
inhibitors, according fo local labels (dipeptidyl peptiduse-4 inhibitors
and other increfin based therapies are not allowed)
o Insulin therapy should be based on local practice, including basal,
basal/bolus, premix, and mealtime bolus (SIT)
Blocd pressure
o Target: 130/80 mm Hg
Antfihypertensive therapy
® First line: ACE inhibitors or ARBs
® Based on individual patient needs: Ca2+-blockers, diuretics, others
Lipid targets and therapy
o DL <100 mg/dL (<70 mg/dL in patients with previous cardiovascular
events)
® Statins recommended for oll patients
® Second line therapy at investigator discretion
Antfiplatelet therapy
® Aspirin or clopidogrel (if aspirin intolerant) for patients with prior
cardiovascular events (MI, cerebrovascular accident,
or revascularization)

equivalent placebo as an add-on to their standard-of-care
treatment. Liraglutide was administered at 0.6 mg daily
for 1 week, 1.2 mg for an additional week, and a potential
maximum dosage thereafter of 1.8 mg based on
tolerance, as determined by the investigator.

For patients with suboptimal glucose control after
randomization, concomitant use and dosage of insulin,
sulfonylureas, glimepiride, thiazolidinediones, and o-
glucosidase inhibitors is permitted at the discretion of
the investigator, but use of other GLP-1 agonists,
dipeptidy! peptidase-4 inhibitors, and pramlintide is not.

Concomitant use of premixed insulin. Continued
use of premixed insulin, including injection frequency
and timing, during the trial is permitted at the investiga-
tor's discretion. A 20% reduction in insulin dosage when
starting randomized therapy is recommended for patients
with HbAlc <8%.

The LEADER global expert panel (GEP) and national
study leaders in participating countries developed a
protocol for the treatment of risk factors and concomitant
use of medications. Guidelines were finalized during a
series of workshops using consensus practice recom-
mendations in 2010.*"'¢ Table 1l contains a list of the
finalized standard of care guidelines endorsed by the
LEADER steering committee.

Planned follow-up. After randomization, patients
were initially seen at 1, 3, and 6 months. Thereafter,
patients are seen every 6 months for up to 5 years. During
each study visit, patients are assessed for clinical events,
study drug compliance, and concomitant medication
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usage. Blood, urine specimens, and electrocardiograms
were collected at randomization and then yearly for the
duration of the study.

End points. The primary end point is the time from
randomization to a composite outcome consisting of
the first occurrence of cardiovascular death, nonfatal
MI, or nonfatal stroke. Comprehensive descriptions for
each component of the primary composite end point
are listed in the online Appendix Supplementary Table
1. Secondary end points include the first occurrence of
an expanded composite cardiovascular outcome, in-
cluding cardiovascular death, nonfatal MI, nonfatal
stroke, revascularization, hospitalization for unstable
angina, or hospitalization for chronic heart failure.
Additional end points include time from randomization
to the occurrence of noncardiovascular or all-cause
death, each individual component of the expanded
composite cardiovascular outcome, composite micro-
vascular outcomes, and each individual component of
composite microvascular outcomes.

Safety end points. Additional end points are being
assessed to support the secondary efficacy and safety
objectives (online Appendix Supplementary Table II).
Hypoglycemia is defined according to American Diabe-
tes Association criteria’” as (1) severe: requiring the
assistance of another person to administer resuscitative
actions, carbohydrate, or glucagon; (2) documented
symptomatic: typical symptoms of hypoglycemia ac-
companied by a measured plasma glucose concentration
<70 mg/dL; (3) asymptomatic: measured plasma glucose
concentration <70 mg/dL in the absence of symptoms;
(4) probable symptomatic: unmeasured plasma glucose
concentration in the presence of typical symptoms of
hypoglycemia; and (5) relative hypoglycemia: typical
symptoms of hypoglycemia and interpreted by the
patient as a hypoglycemic episode with a measured
plasma glucose concentration =70 mg/dL. An indepen-
dent, event adjudication committee (EAC) blinded to
treatment arm will adjudicate serious adverse events,
including pancreatitis or severe persistent abdominal
pain leading to suspicion of pancreatitis, neoplasm, and
thyroid disease resulting in thyroidectomy (online
Appendix Supplementary Table II).

Calcitonin monitoring. Blood samples were collect-
ed at screening to assess baseline levels of calcitonin in
a central laboratory; patients with values 250 ng/L were
excluded. Calcitonin levels are measured at prespecified
time intervals in all subjects throughout the study. An
independent calcitonin-monitoring committee (CMC)
consisting of thyroid experts blinded to treatment
provides ongoing surveillance to monitor longitudinal
changes in calcitonin levels. Any value =20 ng/L is
reported to the CMC for review and consideration of
additional diagnostic procedures. For any level =20 ng/L,
testing is repeated within 4 weeks. If the level is
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confirmed, a medical event of special interest is
reported, and the CMC provides guidance on individu-
alized follow-up and/or subsequent monitoring to site
investigators. All medical events of special interest,
including development of neoplasm or thyroid disease
resulting in thyroidectomy, are reviewed and adjudicated
by the EAC.

Study organization, event adjudication, and data
monitoring. LEADER is overseen by a steering committee
composed of experts in endocrinology, cardiology,
gastroenterology, thyroid disease, nephrology, biostatis-
tics, and employees of the study sponsor (Novo Nordisk).
The steering committee independently oversees all
aspects of the trial. The GEP consists of principal
investigators from earolling countries and designated
employees of the sponsor and provides advice and active
implementation assistance for operational issues.

Several end points will be adjudicated by the EAC based
on several efficacy end points, including death, acute
coronary syndrome (MI and hospitalization for unstable
angina), cerebrovascular events (stroke and transient
ischemic attack), coronary revascularization procedures,
hospitalization for heart failure, nephropathy, and dia-
betic retinopathy.

The EAC consists of experts in cardiology, neurology,
gastroenterology, endocrinology, oncology, pathology,
nephrology, and ophthalmology and will meet through-
out the duration of the trial. A chairperson oversees 4
separate subcommittees consisting of 16 primary adjudi-
cators. The cardiovascular subcommittee includes 2
cardiologists and 2 neurologists. The microvascular
subcommittee includes 2 nephrologists and 2 ophthal-
mologists. The pancreatitis subcommittee includes 3
gastroenterologists. The neoplasm subcommittee in-
cludes 3 oncologists and 2 endocrinologists. In case of
thyroid disease resulting in a thyroidectomy, adjudicators
include 1 endocrinologist and 1 oncologist who will
review both the local pathology report and the report of
an external pathologist who has reviewed the pathology
specimen independently.

An independent, external data-monitoring committee
(DMC) was established to perform ongoing safety
surveillance and consists of permanent members who
are recognized experts in cardiology, endocrinology,
gastroenterology, and statistics. The DMC has access to
complete unblinded data and meets at predefined
intervals and on an ad hoc basis as required to evaluate
all relevant safety information. After each meeting, the
DMC will issue a recommendation on trial continuation,
modification, or termination. The DMC can recommend
to terminate the trial prematurely in case there is
evidence for an excess number of deaths in the liraglutide
group (significance level determined at P < .01), an
excess number of major adverse cardiovascular events in
the liraglutide group (significance level determined at P <
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Figure 2

Norway
() (146/6) (132/5) (448/21)

Denmark '!_’

(167/6)

Hetherlands

{153/9)
Delgium

(7774)

Unlted Kingdom

Canada (453 20)

g (333/17) (} 1 Iralang .
-3 (40/2) :
e e S
(2514/118) (CHA

Spain

(205/10)

Austria

b:!o_u;i{;a_ (s

(243/8) Italy

(20%/9)
Serbia
{100/4)

Greece,
(86/3)

South Africa
(395/16})

Romania
(252/10)

Marso el al 827

Sweden FInland Germany

Poland
386/13)

Russian =
Federation
(325/13)

'\ South
Korea
L (103/5)
\Taiwnn

(115/4)
Turkay

(322/1R) United Arab
Israel Emirates
(122/5) @A/

Australln

(222/10)

Enrollment of LEADER trial participants by country. Data presented are number of randomized participants/number of frial sites that randomized
parficipants by country. In total, 9,340 participants were randomized across 410 active LEADER trial sites. There were 7 sifes that screened but did

not enroll or randomize any participants.

.01), or clear evidence of benefit for the primary end
point in the liraglutide arm (significance level determined
at P < .001).

Funding

The LEADER trial was funded by Novo Nordisk. No
extramural funding was used to support the creation
of this article. The authors are solely responsible for
the design and conduct of this study, all study
analyses, and the drafting and editing of the paper
and its final contents.

Statistical considerations

Sample size calculation. The required sample size
was estimated on the basis of time to first primary
outcome using a log-rank test that included the full
analysis set and an intention-to-treat principle. The
primary event rate was estimated to be 1.8% in both
the liraglutide and placebo groups, with uniform
enrollment over 1.5 years, and a maximum follow-up
period of 5 years. The noninferiority margin was set
at 1.3 for the upper bound of the 2-sided 95% CI. It
was also estimated that patients who permanently
stop randomized treatment and are lost to follow-up
would not exceed 10% in total. Finally, the power to
reject the null hypothesis (ie, that the upper bound of

the 2-sided CI would exceed 1.3) was set at 90%.
Given these assumptions, 8,754 randomized subjects
were required with an accrual of no <611 events
with a minimum follow-up of 42 months after last
subject randomized.

Analysis of the primary end point. Only outcomes
confirmed by the blinded EAC will be analyzed. Subjects
who complete or discontinue the trial without having
an outcome will be censored for the relevant analyses
on the last day of follow-up. The primary end point will
be analyzed for the full analysis set and performed using
Cox regression, including only treatment group as a
covariate. The Cox regression model will be used to
estimate the hazard ratio (liraglutide to placebo) and the
2-sided 95% Cl. The objective of the LEADER trial is to
assess the cardiovascular safety of liraglutide. Safety will
be established if the two-sided 95% confidence limit is
less than the prespecified upper bound of 1.3, as
established by the United States Food and Drug
Administration. If safety is established, then formal
superiority testing will be performed. Noninferiority of
liraglutide versus placebo will be assessed and estab-
lished if the upper limit is <1.3. If noninferiority is
established for the primary outcome, the data will be
used to test for evidence of a lower outcome hazard
with liraglutide versus placebo. Superiority with respect
to the hazard ratio will be established if the upper range
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Table Ill. Baseline characteristics of all randomized subjects and by presence of existing CVD

Clinical demographics Previous CVD (n = 7,592)

No previous CVD {n = 1,748) Total (N = 9,340)

Age, y 639x7.6

Gender (male) 5,048 (66.5)
Ethnicity

Hispanic or latino 908 (12.0)

Not Hispanic or Lalino 6,684 (88.0)
Race

White 5,974 (78.7)

Asian 753(9.9)

Black 535(7.0)

Other 330 (4.3)
Weight, kg 9231209
Body mass index, kg/m? 325+6.3
Hypertension 6,888 (90.7)
Hyperlipidemia 6,135 (80.8)
Smoking

Current 927 (12.2)

Previous 3,670 (48.3)
Coronary artery disease 5,288 (69.7)
Congestive heart failure 1,562 (20.6)
Peripheral artery disease 1,394 (18.4)
Diabetes duration, y 12.8+8.1
HbAtc, % 87x15
Glucose-lowering therapy

None/diet 405 (5.3)
Oral anlihyperglycemics™

1 1,539 (20.3)

2 2,131 {28.1)

23 257 (3.4)
Insulint 3,260 (42.9)
Aspirin use 5,807 (76.5)
Loboratory Evaluation
Total cholesterol, mg/dL 168.5+ 45.4
LDL cholesterol, mg/dL 88.0 £ 355
HDL, mg/dL 449 +12.1
Triglycerides, mg/dL 183.5+141.1
Creatinine, mg/dL 1.0+0.5
eGFR, mL/min/1.73m*
<30 177 (2.3)
30-60 1,854 (24.4)
60-90 2,942 (38.8)
>90 2,619 (34.5)
Lipase U/L 48.2 +45.6
Amylase U/L 66.5 + 36.8

65852 64372
955 (54.6) 6,003 (64.3)
227 (13.0) 1,135(12.2)
1,521 (87.0) 8,205 (87.8)
1,263 (72.3) 7,237 (77.5)
169 (9.7) 922 (9.9)
240 (13.7) 775 (8.3)
76 (4.3) 406 (4.3)
89.6+21.4 91.8+21.0
324163 32563
1,520 (87.0) 8,408 (90.0)
1,056 (40.4) 7,191 (77.0)
203 {11.6) 1,130 {12.1)
667 (38.2) 4,337 (46 4)
17 (1.0) 5,303 (56.8)
37 (2.1) 1,599 (17.1)
250 (14.3) 1,644 (17.6)
123275 127+ 8.0
88:1.6 87+15
99 (5.7) 504 (5.4)
378 (21.6) 1,917 (20.5)
555 (31.8) 2,686 (28.8)
71(4.0) 328 {3.5)
645 {36.9) 3,905 (41.8)
716 (41.0) 6,523 (69.8)
178.8 + 43.8 170.4 1 45.3
96.5+ 34.6 89.5 + 35.5
4801127 455123
17781350 182.5 1 140.0
0.8+02 1.0£04
0 177 (1.9)
0 1,854 (19.9)
918 (52.5) 3,860 (41.3)
828 (47.4) 3,447 (36.9)
4491346 4751437
647 £337 662+ 363

Dala presented as number {perceniage of graup) er mean + SD.
*Not used in combination with insulin.
1 Either used alone or in combination with concomitant oral anfihypergtycemics.

of the two-sided 95% Cl is <1. This approach is a closed
testing procedure, and therefore, no adjustment of the
significance level is required.’®'”

Exploratory subgroup analyses. The effect of sex,
age (<60 or =60 years), body mass index (<30or >30 kg/
m?), HbAlc (8.3 or >8.3%), duration of diabetes (<11 or
>11 years), region (Europe, North America, Asia, or
other), race (white, black, Asian, or other), cardiovascular
risk, chronic heart failure, severe chronic renal failure,
severe-to-moderate chronic renal failure, and use of
concomitant glucose medication and/or insulin on the
primary composite end point will be explored separately

as a main effect and interaction with treatment by adding
each to the original model.

There will be 2 populations analyzed. The full
analysis set includes all randomized subjects with
evaluation by intention-totreat, and subjects will be
evaluated as randomized. A sensitivity analysis will be
performed using the per-protocol analysis set that
includes only data from follow-up of subjects exposed
to treatment plus 30 days. Subjects exposed to treatment
in the per-protocol analysis will include those with a
maximum accumulated drug holiday of <120 days during
the study. Subjects accumulating >120 days will be
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considered as having discontinued study drug on the
121st day.

Enrolled population

Enrollment for LEADER commenced in September
2010 and concluded in April 2012, Patients were enrolled
at 410 sites in 32 countries (Figure 2). Baseline de-
mographics of the enrolled population are shown in
Table 1. Of the 9,340 patients, 7,592 (81.3%) had prior
CVD and 1,748 (18.7%) did not. There were 1,854
patients with moderate and 177 with severe reductions in
screening eGFR.

Discussion

There remains a compelling need to develop novel,
effective, and safe glucose-lowering therapies for patients
with T2DM. Liraglutide is associated with a reduction in
HbAlc ranging from 1.0 to 1.5%.%° Current dosing of
liraglutide was derived from clinical data aiming to
improve gastrointestinal tolerability while maintaining
efficacy. From this perspective, a starting dose of 0.6 mg
daily is suggested, increasing to 1.2 or 1.8 mg based on
clinical response.

Prior studies have investigated the perceived bene-
ficial effects of GLP-1 receptor agonists on cardiovas-
cular risk. The mechanism of action behind these
effects remains to be clarified. However, there appear
to be a number of direct and indirect effects of
treatment possibly explaining this reduction in risk,
such as significant weight and systolic blood pressure
reduction and, potentially, direct effects on cardiac
myocytes and endothelium.?' A decrease in systolic
blood pressure of 2.1 mm Hg with liraglutide 1.2 mg
and 3.6 mm Hg with 1.8 mg, together with a
sustained mean weight loss of approximately 2 kg,
has been reported.?? In addition, data from 5 long-
term phase 3 trials suggested no adverse impact of
liraglutide treatment on lipid profiles with respect to
cardiovascular risk and favorable changes in triglycer-
ides and free fatty acids. Others have reported
decreases in levels of cardiovascular risk markers
such as plasminogen-activator inhibitor-1 and B-natri-
uretic peptide after treatment.”> > However, liraglu-
tide is associated with an approximate 1-2 beat/min
increase in heart rate.

Conclusions

LEADER is a phase 3B randomized, double-blind clinical
trial 10 evaluate the cardiovascular safety of liraglutide in
patients with T2DM at heightened risk for cardiovascular
complications. It is expected that LEADER will provide
conclusive data regarding the cardiovascular safety of
liraglutide relative to standard of care for a global
population of patients with T2DM.
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Supplementary Table I. Definitions Used for Clinical Events

Event

Definition

Cardiovascular death (occurring
from any of the following):

Myocardial infarction

Sudden, unexpected cardiac cause:
o Cardiac arrest {symptomatic myocardial ischemia, new ST elevation or left bundle branch block,
and/or angiographic or autopsy evidence of new thrombus)
CV cause
® Sudden cardiac death by acute MI, heart failure, stroke, other cardiovascular causes, or no
documented nonvascular cause
Sudden cardiac cause; Unexpected occurrence in @ previously stoble patient and including:
® Absence of new or worsening symptoms
® Within 60 min of new/worsening symptom onset
® Attributed to identified arrhythmia on ECG or witnessed by emergency medical technicians
® Unsuccessful resuscitation from cardiac arrest or resuscitation but death within 24 h without
noncardiac eficlogy
® Other cause with information on clinical status within the week preceding death
Acute MI:
® Occurring up o 30 days after documented ocule Ml and no conclusive evidence of other cause
» Occurring before biomarker confirmation of myocardial necrosis with adjudication based
on clinical presentation and ECG evidence
Other cardiovascular cause
®» M| occurring directly from cardiovascular procedures
Heart failure or cardiogenic shock Occurring in the context of clinically worsening
symptoms and/or signs of heart failure without evidence of another cause of death.
New or worsening signs or sympfoms without evidence of another cause including:
® Requiring initiation or increase in freatment for heart failure or occurring in a patient on
maximal therapy
® Signs/symptoms requiring continuous intravenous therapy or oxygen administrofion
» Confinement to bed for heart failure symptoms
» Pulmonary edema sufficient to cause tachypnea and distress not occurring in an acute Ml or as
the consequence of arrhythmio without worsening heart failure
* Cardiogenic shock not oceurring in an acute Ml or from an arrhythmia in the absence of
worsening heart failure. Cardiogenic shock: systolic blood pressure <90 mm Hg >1 h,
unresponsive to fluids or heart rote correction, secondary to cardiac dysfunction and associated
with >1 of the following:
® Cool, clammy skin or
® Qligurig {urine output <30 mL/h)
o Altered sensorium
® Cardiac index <2.2 L min™! m™2
® SBP 90 mm Hg from posilive inofropic or vasopressor agents alone and/or with mechanical
support in <1 h, and after randomization.
® Occurring before and continuing after randomization not included
» Sudden death during admission for worsening heart failure.
Cerebrovascular event:
® Intracranial hemorrhagic or nonhemorrhagic stroke occurring up to 30 d and based on
clinical signs and symploms, neuroimaging or cutopsy, and no conclusive evidence of other
cause of death
Other cardiovascular cause
Presumed cardiovascular cause
Not attributed 1o cardiovascular or noncardiovascular are presumed cardiovasculor deaths
Any of the Following based European Society of Cardiology/American College of Cardiology
Foundation)/American Heart Associotion/World Hearl Federation criteria?>:
e Spontaneous MiI: Rise and/or fall in cardiac biomarkers with >1 value >UtN and
evidence of:
o Ischemia
o New ischemia on ECG ST-T changes or left bundle branch block’)
o Pathological @ waves on ECG'
o New loss of viable myocardium or regional wall motion abnormality on imaging
» 5T-alevation MI: At the J point in 2 contiguous leads (0.2 mV in men or 20.15 mV in
women in leads V2-V3 and/or 20.1 mV in other leads)

(continued on next page)
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Supplementary Table . (continued)

» Non-5T-elevation Mi: At the J point in 2 conliguous leads (0.2 mY in men or 20.15 mV
in women in leads V2-V3 and/or 20,1 mV in other leads absent on ECG)

« PCl-Related MI: Elevations of cardiac biomarkers >99th percentile upper reference limit
in patients with normal baseline troponin values OR

o In patients with elevated cardiac biomarkers before PCI, a 220% increase in @ second
biomarker sample within 24 h of PCl and documented decreasing values before suspected
recurrent MI

* Coronary artery bypass grafting-related mi: Normal boseline tropanin values with

elevated cardioc biomorkers »99th percentile URL

o In potients with elevated cardioe biomarkers before CABG, o 220% increase in o second
biomarker sample within 72 h of CABG and documented decreasing volues before suspectod
recurrent Ml and either new pathological @ waves in al least 2 contiguous leads on ECG or new
left bundle branch block, angiogrophically documented new graht or native coronary artery
occlusion, or loss of vioble myocardium on imaging

e Silent MI:

o No evidence of acute M| AND
New pathological @ waves, evidence a regional loss of viable myocardium en imaging,
evidence of healed or healing M on aulopsy

Cerebrovascular events Stroke: Acute neurologic dysfunction documented by CT, MRI, or auiopsy and aftributed to a
(stroke and TIA) vaseulor couse and determined to nof be due fo readily identifiable cause,
Transient ischemic attack <24 h
Micro-hemorrhage: Rounded <5 to 10 mm foci of susceplibility artifact on MRI .
{occurrence not included in the primary event)
Classification of cerebrovascular Transient ischemic attack: Neurological dysfunction caused by focal brain, spinal cord,
events (stroke and TIA) or refinal ischemia, without acute infarction.

Ischemic stroke: Acute episode of focal cerebral, spinal, or retinal dysfunction caused
by an infarction of central nervous system lissue
Hemorrhagic stroke: Acute episode of focal or global cerebral, spinal, or retinal dysfunction
caused by a nontraumatic intraparenchymal, intraventricular, or subarachnoid hemorrhage with
documentation of cerebral hemorrhage on imaging or autopsy
Undetermined stroke: insufficient information fo categorize

*ECG monilustations of acute myocardial ischamie (in obsonce of leh vontricular hypertrophy [LVH] and loh bundle branch block [LBBB): (1) ST elavalion New ST elevation of the J
intin 2 contiguous leads with r{:‘culo{‘f points: 20,2 mV in men or 20.15 mY in women in leads Y2-V3 and/or 20.1 mV in other leods. (2) ST depression and T-wave changes New

l‘:rimmul or down-slaping ST dapression 20,05 mV in 2 contiguous leads; and/or T inversion 20,1 mV in 2 conlig Jeads with prominent R wave or R/S ratie >1,

t Patholegical G waves: (1) Any Q wave in leads V2-V3 20.02 s or QS complex in leads V2 and V3 Qwove 20.03 sond 20,1 mV deep or @5 complex inledds |, I, aVL, oVF, or V4-

V6 in any 2 leads of o contiguous lead grouping (I, oVL, V&; V4-V&; I, I, und aVF).
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Supplementary Table ll. Other efficacy and salely end points

Time from randomization to first occurrence of a composite microvascular outcome:
® Refinal photocoagulation
® Vitreous hemorrhage
® Dicbetes-related blindness
© New or worsening nephropathy (defined as new onset of macroalbuminuria, or doubling of serum creatinine level and eGFR <45 mL/min per 1.73m?, or
the need for continuous renal-replacement therapy (in the absence of an acute reversible cause)
e Death due to renal disease
Diabetic foot ulcers
Change from baseline to the last assessment during the treatment period in:
® Weight and waist circumference
» HbATc
» Blood lipids: total cholesterol, HDL-cholesterol, LDL-cholesterol, and triglycerides
® Blood pressure and pulse rate
» eGFR rote (MDRD and chronic kidney disease-EPI formulas}
® Laborafory parameters:
o Lipase
o Amylase
o Calcitonin
o Anti liraglutide antibodies
o ALT
o Bilirubin {total)
o Calcium {tofal)
o Sodium
© Potassium
o Urinary albumin fo creatinine ratio
Change from baseline to as 1t at 3 y during the treatment period in:
® Weight and waist circumference
® HbAlc
» Blood lipids; total cholesterol, HDL-cholesterol, LDL-cholesterol, and triglycerides
® Blood pressure and pulse rate
® ¢GFR rate {MDRD and chronic kidney disease-EPI formulas)
® Incidence of hypoglycemic apisodes
Incidence of serious adverse events and medical events of special interest:
® Neoplasm
® Pancreatitis
® Acute, severe and persistent cbdominal pain leading 1o a suspicion of pancreatitis
® Acute gallstone disease (biliary colic or acute cholecystitis)
® First confirmed episode of calcitonin concentration increase 220 ng/L
® Thyroid diseose
® Severe hypoglycemic event
« Immunogenicily event (anfibody formation, dllergic reactions, immune complex disease and injection site disorders)
o Adverse events leading fo treatment disconfinuation
Patient reported outcome assessed by EQ-5D questionnaire (in a subset of subjects only)
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Supplementary Table Ill. Principal Investigalors by Country

Steering Committee
J. Buse (Chair) S. Marso (Co-chair)
Canada (B. Zinman);
Denmark (K. Brown Frandsen”, M Stockner”, L. Steen Ravn');
Germany (). Mann, M. Naouck);
United Kingdom (S. Pocock, N. Poulter);
United States [R. Bergenstal, J. Buse, G. Daniels, S. Marso, A. Moses”, 5.
Nissen, W. Steinberg).
GEP
Australia {R. Simpson),
Awustria (T, Pieber);
Belgium (L. Van Gaal);
Brazil {J. Gross, R. Réa);
Conada (L. Berard, L, Leiter);
Chino (L. Ji, C. Pan);
Czech Republic (M. Haluzik);
Denmark {S. Aggergaard”, C. Svendsen”, L. Tarnow)
Finland (M. Laakso);
France (M. Marre, F. Travert);
Germany (S. Jacob, J. Lidemann);
Greece (M. Benroubi);
India {N. Thomas);
Ireland (F. Hayes, D. O'Shea, D, Smith};
Israel (1. Raz);
Haly {E. Mannucci, G. Franco Gensini);
Korea (K. Yoon)
Mexico (M, Arechavaleta Granell);
Netherlands {C. Tack, G. Ruhen);
Norway (B. Kilhovd);
Poland (E. Franek, L. Czupryniak);
Romania (M. Mola);
Russia (M. Shestakova);
Serbia (N. Lalic);
South Africa (M, Omar);
Spain (M. Camafort Babkowski);
Sweden (M. Eriksson);
Taiwan (Y. Huang);
Turkey (A, Comlekei, I. Satman);
United Kingdom (S, Bain, J. Petrie);
United Arab Emirates (G. Kaddoha);
United States (R. Pralley, V. Fonseca, M. Warren.
CcMC
Denmark (L. Hegedis);
United States (S. Sherman, M. Tuttle).
DMC
Denmark (A, Flyvbijerg);
Sweden (K. Swedberg);
United Kingdom (P. Sleight, . Ford);
United States (S. Tenner,R, Kloos).
Participating Institutions
Australia {T. Davis, M. D'Emden, 7. Greenaway, R. Maclsaac, M.
Mclean, A. Roberts, D. Roberts, K. Songla, R. Simpson, S. Stronks);
Austria (T. Pieber, R. Prager, G. Schernthaner, T. Wascher);
Belgium (C. Mathieu, J, Ruige, A. Scheen, L. Van Gaal);
Brazil (A, Almeida, R. Baggentoss, A. Bosco, T. Bulcao, A, Chacra, C.
Chrisman, W. Coutinho, F. Eliaschewitz, F, Farigs, J. felicio, F, Fraige
Filho, A Forti, B Geloneze. Neto, J, Gross, A. Halpern, M. Hissa, R.
Junior, S. leite, R. Menezes Filho, E. Niclewicz, D, Panarotto, E
Quintao, R. Raduan, N. Rassi, R. Rea, G. Rollin, J. Salles, J. Saraiva, J.
Sgarbi, M. Silva, M. Tambascia, S. Vencio, B. Waijchenberg);
Canada (R. Allison, J. Conway, P. DeYoung, F. Dube, I. Gottesman,
S. Harris, |. Hramiok, C. Joyce, L. lsiter, ) Liutkus, R. Rabasa-
Lhoret, E, Raff, T. Ransom, R. Reinakaran, J. Sigalos, S. Weisnagel,
V. Woo);
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China (L. JI, C. Pan, Y. Shi, Y. Wang, M. Xu, J. Yang, G. Yuan);

Czech Republic (M. Haluzik, Z. Rusavy);

Denmork (J. Gram, J. Henriksen, K. Hermansen, H. lervang, S. Madsbad,
L, Tarnow);

Finland (M. Loakso, J. Lahtela, M. Laine, J. Mikeld, M. Savolainen);

France (M. Marre, C. Pefit, D, Richter, M. Rodier);

Germany (H. Clever, M. Esser, A. Hagenow, A. Hinz, S. Jacob, R. Jordan,
H. Kempe, G. Klausmann, W, Kénig, A. Kénig, J. Lidemann, A. Mélle,
J. Mller, J. Sauter, T. Schoum, A. Segner, O. Sihal, H. Sohn, J.
Steindorf, P. Sitbler, R. Tosch-Sisting};

Greece (M. Benroubsi, E, Pagkalos, N. Tentolouris);

India (A. Asirvatham, T. Bandgar, M. Baruah, A, Bhansali, T. Chaudhury,
M. Dharmalingam, S. Jain, S. Kalra, J. Kesavadev, H. Kumar, B. Kumar
Sethi, N. Thomas, S. Paramesh, K. Prasana Kumar, V. Mohan, V. Balajj,
S. Vidyasagar);

jreland (D, O'Shea, D, Smith);

israel (D, Dicker, J. llany, E. Karnieli, O. Minuchin, I, Raz);

lialy (S. Buscemi, R. Buzzetfi, A, Ciavarella, A. Consali, A. Di Carlo, S.
Filetti, E. Mannucci, P. Piatti, G. Sesti);

Republic of Korea (H. Chul Jang, K. Wan Min, Y. Duk Song, J. Taek Woo,
K. Ho Yoon);

Mexico (R. Ruiz, M. Arechavaleta-Granell, E. Mufiéz, P. Garcia
Hernandez, G. Gonzalez-Galvez, G. Morales Franco, |. Rodriguez
Briones);

Netherlands (G. Eisma, W. Janssen, A, Kooy, S. Landewe-Cleuren, A.
Lieverse, E. Meesters, G. Rutten, C. Tack);

Norway {J. Cooper, ). Hielmesath, B. Kilhovd, B. Kulseng);

Poland (M. Arciszewska, K. Cypryk, M. Dabrowska, T. Dziewit, E. Franek,
G. Gojos, A. Galuszka-Bilinska, M. Konieczny, M. Malecki, M.
Polaszewska-Muszynska, D. Pupek-Musio“k, A. Sidorowicz-
Bialynicka, A. Stankiewicz);

Romania {R. Avram, D. Catrinoiu, D. Ciomos, G. Ghise, C. Guja, M. Mota,
E. Pintilei, N. Pleteq, |. Szilagyi, A. Vlad);

Russian Federation {I. Dvoryashing, M. Kalashnikova, M. Kunitsyna, T.
Lysenko, G. Reshedko, M. Sergeeva-Kondrachenko, M. Shestakova, M.
Startseva, L. Suplotova, F, Valeeva, E. Voychik, M. Yanovskaya, O.
Zanozina);

Serbio {T. Beljic Zivkovic, N. Lalic, D. Micic, M. Zamaklar;

South Africa {A. Badot, M. Basson, F. Bester, L. Burgess, A. Jacovides, P.
Joshi, J. Kok, S. Komati, D. Lakha, R. Moodley, N. Moosa, M. Omar, S
Pillay, J. Roos, M. Sarvan, M. Seeber);

Spain [A. Calle Pascual, C. de lo Cuesta, S. Duran Garcig, E. Jodar, A.
Marco Mur, L. Comas, P. Raya, E. Romero, E. Sacanella, A. Soto
Gonzélez);

Sweden (E. Beling, B. Eliosson, M. Eriksson, A. Frid, E. Jasinska, B.
Tengmark);

Taiwan {M. Hsieh, Y. Huang, S. Shin, K. Tien;

Turkey (Y. Altuntas, M. Araz, G. Ayvaz, M. Balci, N. Baskal, A,
Comlekei, T. Damci, T. Erbas, D. Gogas, S. Guler, H. llkova, A.
Oguz, M. Sargin, |. Saiman, F. Saygili, E. Tuncel, K. Unluhizarci, M,
Yenigun);

United Arab Emirates {G. Kaddaha, F. Alawadi');

United Kingdom (P. Abraham, K. Adamson, S. Atkin, S. Bain, A. Barnett,
K. Dhatariya, N, Furlong, M. Gibson, A. Jaap,’ A. Johnson, S. Kumar,
R. Lindsay, A. Mackie, A. Millward, D. Robertson, D. Russell-Jones, P.
Saravanan, J. Smith, B. Vaidya, M. Yee);

United States (A, Ahmed, L. Akright, O. Alzohaili, M, Amine!, M
Anderson, L. Aronne, S. Aronoff, S. Asnani, V. Awasty, T. Bailey, D.
Baldwin, M. Barber, O. Barnum, A, Bartkowick, G. Baula, R. Bergenstal,
B. Bergman, A, Bhargava, R. Blank, R. Bloomberg, D. Brautigam, P.
Bressler, ). Buse, S. Chaidorun, C. Chappel, L. Chaykin, M. Christiansen,
R. Cohen, A. Comulada-Rivera, G. Connor, C, Corder, M. Cromer, S.
Dagogo-Jack, M. Davidson, C. Desouza, K. Devireddy, I. Diab, D
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Donovan, P. Doshi, D. Eagerton, R. Forbes, E. Franco, R. Garcia, M.
Gilbert, J. Greenwald, G. Grunberger, M. Guice, M. Hamilton, E.
Harris, |. Hartman, K. Hermayer, P. Hollander, J. Hwang, F. Ismail-Beigi,
S. Jabbour, T. Juckson, C. Johnson, M. Juarez, D. Karounes, D.
Kereiakes, A. Khaira, S. Krishnasamy, E. Kwon, J. Labuda, K. Lotif, G.
Ledger, J. Lenhard®, M. Leinung, P. Levin, |. Lingvay, R. Looby, K. Lucas,
B. lung, T. Lyons, M. MacAdams, H. Maheshwari, E. Martin, G.
Marfinez, M, Moy, C. McDaniel, M. McDermottt, J. Menefee, M.
Meredith, B. Miranda-Palma, A. Montgomery, D. Morint, J. Naidu, 1.
Ndukwu, P. Nicol, O. Odughbesan, R. Patel, R. Pratley, R. Purighalla, M.
Quadrel, U. Rangaraj, N. Rasouli, J. Reed, J. Rhudy, L. Rice, J. Risser, A.
Rizvi, J. Rosenstock, A. Samal, J. Sondberg, J. Sandoval, R. Schreiman,
M. Schuttat, B. Seaton, M. Shanik, M. Shomali, R. Silver, A, Sood, K.
Straub, T, Thethi, J. Thrasher, H. Traylor, M. Treving, B. Villufuerts, M.
Warren, K. Weindorff, P. Winkle, J. Wise, C. Wysham),

* Movo Mordisk employee.
1 Nonenrolling site,
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ORIGINAL ARTICLE

Beneficial Endocrine but Adverse Exocrine Effects of
Sitagliptin in the Human Islet Amyloid Polypeptide
Transgenic Rat Model of Type 2 Diabetes

Interactions With Metformin

Aleksey V. Matveyenko,! Sarah Dry,” Heather 1. Cox," Artemis Moshtaghian,! Tatyana Gurlo,'
Ryan Galasso,' Alexandra E. Butler,' and Peter C. Butler’

OBJECTIVE—We sought to establish the extent and mecha-
nisms by which sitagliptin and metformin singly and in combi-
nation modify islet disease progression in human islet amyloid
polypeptide transgenic (HIP) rats, a model for type 2 diabetes.

RESEARCH DESIGN AND METHODS—HIP rats were treated
with sitagliptin, metformin, sitagliptin plus metformin, or no drug
as controls for 12 weeks. Fasting blood glucose, insulin sensitiv-
ity, and B-cell mass, function, and turnover were measured in
each group.

RESULTS—Sitagliptin plus metformin had synergistic effects to
preserve B-cell mass in HIP rats. Metformin more than sitagliptin
inhibited B-cell apoptosis. Metformin enhanced hepatic insulin
sensitivity; sitagliptin enhanced extrahepatic insulin sensitivity
with a synergistic effect in combination. B-Cell function was
partially preserved by sitagliptin plus metformin. However, sita-
gliptin treatment was associated with increased pancreatic duc-
tal turnover, ductal metaplasia, and, in one rat, pancreatitis.

CONCLUSIONS—The combination of metformin and sitagliptin
had synergistic actions to preserve B-cell mass and function and
enhance insulin sensitivity in the HIP rat model of type 2
diabetes. However, adverse actions of sitagliptin treatment on
exocrine pancreas raise concerns that require further evaluation.
Diabetes 58:1604-1615, 2009

he prevalence of type 2 diabetes and the associ-
ated morbidity and mortality are increasing (1).
There is therefore interest in strategies to slow
or prevent the development of type 2 diabetes.
Although insulin resistance secondary to lifestyle changes
likely contributes to the increased prevalence, most insu-
lin-resistant individuals increase insulin secretion and
remain nondiabetic (2). In contrast, in those genetically
vulnerable to develop type 2 diabetes, B-cell function fails
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David Geffen School of Medicine, University of California Los Angeles, Los
Angeles, California; and the 2Department of Pathology and Laboratory
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to appropriately adapt to insulin resistance, leading to
hyperglycemia (3,4).

Prospective studies in humans have reported a progres-
sive decline in B-cell function preceding development of
type 2 diabetes (5,6). Autopsy studies reveal that the islet
in type 2 diabetes is characterized by a ~60% deficit in
B-cells and islet amyloid derived from islet amyloid
polypeptide (IAPP), a 37-amino acid peptide cosecreted
with insulin by p-cells (7). The cause of the defect in 3-cell
mass in type 2 diabetes remains unresolved but is likely
attributable, at least in part, to endoplasmic reticulum
stress—induced B-cell apoptosis, noted both at autopsy and
in isolated islets from people with type 2 diabetes (8,9).
Based on these observations, it is apparent that to favor-
ably modify disease progression in type 2 diabetes, pres-
ervation of B-cell mass and function in the setting of
insulin resistance is required.

Our primary objective in the current study was to test
the hypothesis that the combination of two potentially
synergistic therapies, the dipeptidyl peptidase-4 (DPP-4)
inhibitor sitagliptin and hepatic insulin sensitizer met-
formin, modify progression of islet dysfunction and loss of
B-cell mass in type 2 diabetes. Because it is not possible to
evaluate B-cell mass or turnover in vivo in humans, we
undertook these studies in the human IAPP transgenic
(HIP) rat because it approximates the islet and metabolic
phenotype of type 2 diabetes in humans (10-12).

Metformin has previously been shown to delay onset of
type 2 diabetes (13). Glucagon-like peptide 1 (GLP-1) has
reversed loss of B-cell mass in some murine models of
diabetes by both increasing new B-cell formation and
decreasing B-cell apoptosis (14-16), The DPP-4 inhibitor
sitagliptin increases GLP-1 concentrations (17) and mod-
estly lowers glucose levels when used alone in type 2
diabetes (18,19) with an additive effect in combination
with metformin (20,21).

Therefore, we sought to address the following ques-
tions. First, do metformin or sitagliptin individually or in
combination favorably modify disease progression (reduc-
ing p-cell loss and dysfunction) at the level of the islet in
the HIP rat model of type 2 diabetes? Second, is any
protection of B-cell mass accomplished by decreased

'B-cell apoptosis and/or increased p-cell formation? Third,

what are the respective actions of these drugs on insulin
sensitivity and secretion singly, and in combination, in this
model of type 2 diabetes? Unexpectedly, we encountered
marked ductal metaplasia in 25% of high-fat diet—fed HIP
rats treated with sitagliptin and severe hemorrhagic pan-
creatitis in one sitagliptin-treated animal. Because those

DIABETES, VOL. 68, JULY 2009

Exhibit 30 - 344



A.V. MATVEYENKO AND ASSOCIATES

A

250

[ WT p<0.01
HIP
= C_JHIP+SIT T
At HIP+MET
2 200 N\NHIP+SIT+MET
L
()]
wn
8 1s0f
.
=/}
[~}
=
% 100 .
D
50- ] =
0 weeks 12 weeks
E 150 p<0.05
B l |
E 125f
@
c = S i
9% 100
L]
2 3
o+ 75F
L E®]
U ¥
=% sof
1]
o
s 251
[
=
o L L

B

Drug consumed

Body weight (g)

800
p<0.05
T
600} T
400
)
\
200 §
\
N
4 N ML
0 weeks 12 weeks
Il sitagliptin
300 Metformin
=
£
=)
‘T
3
> target dose
€ 200 R0 oo =
a T
L
o
2
&
o 100 |-
I
g
o
S
[=)]
E
Naue?
0 b —— — — — — -
E & E E &
T A = =
i + ry
g = E
= 3
o
-
T

FIG. 1. Fasting plasma glucose (4), body weight (B), mean daily food intake (C), and mean daily drug consumption (D) after 12-week treatment
with 60% high-fat chow diet in wild-type (WT) rats (n = 7), HIP rats (n = 8), HIP rats treated with sitagliptin (HIP+SIT; n = 8), HIP rats treated
with metformin (HIP+MET; n = 9), and HIP rats treated with combination therapy (HIP+SIT+MET; rn = 8). Data are means * SE.

findings have potentially important clinical implications,
we evaluated the exocrine effects of sitagliptin. These
latter studies provided some insights into the reported
association of GLP-1 mimetic therapy by exenatide (22)
or liraglutide (23) and pancreatitis, and they provide
some cautions about the potential long-term effects of
GLP-1 mimetic therapy, including DPP-4 inhibition in
diabetes.

RESEARCH DESIGN AND METHODS

A total of 40 Sprague-Dawley rats (wild type; n = 7) and rats expressing
human IAPP (HIP rats; n = 33) were used in the current study. Generation of
HIP rats has been described in detail previously (11). Rats were bred and
housed individually throughout the study at the University of California Los
Angeles animal housing facility and subjected to standard 12-h light/dark
cycle, The University of California Los Angeles institutional animal care and
use committee approved all surgical and experimental procedures. To estab-
lish the actions of sitagliptin and metformin singly and in combination on islet
protection, 2-month-old wild-type and HIP rats were fed high-fat diet ad
libitum for 12 weeks (60% fat, 20% protein, and 20% carbohydrates; no. D12492;
Research Diets, New Brunswick, NJ) and randomly assigned into five inde-
pendent treatment groups: wild-type rats (no drug treatment, » = 7), HIP rats
(no drug treatment, n = 8), HIP rats given sitagliptin (200 mg - kg body wt™* -
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day™! sitagliptin, » = 8), HIP rats given metformin (200 mg - kg body wt™! -
day ! metformin, n» = 9), and HIP rats given sitagliptin plus metformin (200
mg - kg body wt™! - day~’ sitagliptin and metformin, n = 8). Sitagliptin was
provided by Merck Research (Rahway, NJ), and metformin was purchased
from Toronto Research Chemicals (Toronto, Canada). Compounds were
administered after premixing with high-fat diet, which was performed by
Research Diets. After 12 weeks of diet/drug treatment, animals were anesthe-
tized with isoflourane (2.5%) by inhalation until effect (Isoflourane Vapor 19.1;
Summit Anesthesia, Portland, OR). Indwelling catheters were then inserted
into the right internal jugular vein and left carotid artery for subsequent in vivo
metabolic studies, as previously described (24). All catheters were filled with
100 units/ml heparirn/saline solution, exteriorized to the back of the neck, and
encased in the infusion harness (Instech, Plymouth Meeting, PA).

Hyperglycemic clamp and arginine bolus injection. To assess glucose-
and arginine-stimulated insulin secretion, wild-type rats (r = 6), HIP rats (n =
8), HIP rats given sitagliptin (n = 8), HIP rats given metformin (» = 6), and
HIP rats given sitagliptin plus metformin (» = 6) underwent a hyperglycemic
clamp followed by an arginine bolus injection, as previously described (10). In
brief, after a 30-min equilibration period (—30 to 0 min), plasma samples were
taken for measurements of baseline fasting glucose and insulin. Thereafter,
animals received an intravenous glucose bolus (375 mg/kg) followed by a
variable 50% (wt/vol) glucose infusion to clamp arterial glucose at ~260 mg/dl
(0—70 min). At ¢ = 60 min, rats received a bolus injection of L-arginine solution
(1 mmol/kg; Sigma, St. Louis, MO). Arterial blood samples (50 ul) were taken
at baseline (—30 and 0 min), at 1 and 5 min, and every 15 min thereafter during
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FIG. 2. A: Typical islets from wild-type (WT) rats, HIP rats, HIP rats treated with sitagliptin (HIP+SIT), and HIP rats treated with sitagliptin and
metformin (HIP+SIT+MET) stained for insulin (pink) and hematoxylin (blue). B-Cell area (8) and mean fi-cell mass (C) after 12-week
treatment with 60% high-fat diet in wild-type rats (n = 7), HIP rats (n = 8), HIP rats treated with sitagliptin (HIP+SIT; n = 8), HIP rats treated
with metformin (HIP+MET; n = 9), and HIP rats treated with combination therapy (HIP+SIT+MET; r = 8). Data are the means + SE. (A
high-quality digital representation of this figure is available in the online issue.)

the clamp for immediate determination of plasma glucose and subsequent
analysis for insulin.

Hyperinsulinemic-euglycemic clamp and *H-glucose infusion. To assess
insulin sensitivity and glucose turnover, wild-type rats (n = 5), HIP rats
(n = 6), HIP rats given sitagliptin (n = 7), HIP rats given metformin (n =
6), and HIP rats given sitagliptin plus metformin (n = 6) underwent a
hyperinsulinemic-euglycemic clamp with concomitant infusion of
|3-®H]glucose to assess glucose turnover, as previously described (10).
Briefly, rats received primed (3 pCi) continuous (0.05 .Ci/min) infusion of
|3-*H]glucose (Perkin Elmer, Boston, MA) for a 90-min basal period that
increased to 0.2 pCi/min for 120 min throughout the hyperinsulinemic-
euglycemic clamp, which was achieved by constant infusion ot regular
human insulin (Novolin; Novo Nordisk, Princeton, NJ) at 4 mU - kg™' +
min~!, variable glucose (50% wt/vol) infusion, and somatostatin infusion
(10 wg - kg~' - min~'; Bachem, CA) to inhibit endogenous insulin secretion.
Plasma glucose levels were determined every 10 min, and additional blood
samples (~100 pl) were collected at baseline (—30 min) and at the end of
the clamp for determination of plasma insulin. Blood samples (~150 ul) for
determination of tracer-specific activity were drawn at fasting (from - 40 to
0 min) and during insulin infusion.

Endocrine pancreas histology. Rats were killed by 120 mg/kg i.v. sodium
pentobarbital. The pancreas was then rapidly removed from killed rats and
fixed in 4% paraformaldehyde overnight at 4°C, Paraffin-embedded pancreatic
sections were stained first for hematoxylir/eosin and insulin (guinea pig
anti-insulin, 1:100; Zymed, Carlsbad, CA). The B-cell mass was measured by
first quantitying the pancreatic fractional area positive for insulin and multi-
plying this by the pancreatic weight. In addition, sections were costained by
immunofluorescence for insulin (guinea pig anti-insulin, 1:100; Zymed, Carls-
bad, CA) and terminal deoxynucleotidyl transferase biotin-dUTP nick-end
labeling (TUNEL) method (Roche Diagnostics, Mannheim, Germany) for
quantification of B-cell apoptosis, and they were costained for insulin (guinea
pig anti-insulin, 1:100; Zymed) and Ki-67 (mouse anti-Ki-67, 1:50; Dako,
Carpinteria, CA) for determination of B-cell replication. All B-cells per
pancreatic section (~2,500 cells per section) were examined in detail and
counted at X200 magnification (X20 objective, X10 ocular) for the total
number of TUNEL- and Ki-67-positive B-cells. The frequency of TUNEL and
Ki-67 was presented as the percentage of total B-cells per section.
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Fluorescent slides were analyzed and imaged using a Leica microscope
(Leica Microsystems, Wetzlar, Germany) and images acquired using Open-
Lab microscope sottware (Improvision) and analyzed using ImagePro Plus
software,

Exocrine pancreas histology. Pancreas sections were deparaffinized in
xylene and rehydrated in ethanol gradient, and pancreatic sections were
stained in Harris hematoxylin solution (HHS16; Sigma) and eosin Y solution
(HT110132; Sigma). For immunofluorescence, antigen retrieval was per-
formed via microwave heating in citrate buffer (H-3300; Vector, Burlingame,
CA) except for TUNEL staining, which used proteinase-K digestion (V302B;
Promega, Madison, W1) at 37°C for 15 min. Slides were blocked in Tris-
buffered saline (3% BSA, 0.2% TX-100, and 2% donkey serum) for 1 h. The
following primary antibodies were used for 12-h incubation: ductal cell
marker cytokeratin (mouse anti-pancytoKeratin, 1:50; Sigma), marker of cell
fibrosis fibrinectin (rabbit anti-fibrinectin, 1:500; Sigma), replication marker
Ki-67 (mouse anti-Ki-67, 1:50; Dako), apoptosis marker (TUNEL method;
Roche Diagnostics), marker of T-cell infiltration (rabbit anti-CD3; Abcam,
Cambridge, MA), marker of macrophage infiltration (rabbit anti-CD-11C;
Abcam), GLP-1 receptor (rabbit anti-GLP-1 receptor, 1:100; Novus Biologi-
cals, Littleton, CO), pancreatic and duodenal homeobox 1 (PDX-1) (rabbit
anti-PDX-1, 1:1,000; Millipore, St. Louis, MO), and insulin (guinea pig anti-
insulin, 1:100; Zymed). Secondary antibodies labeled with Cy3 and fluorescein
isothiocyanate were obtained from Jackson Laboratories (West Grove, PA)
and used at dilutions of 1:200 for 1-h incubation. To determine ductal cell
replication and apoptosis, in each pancreatic section we quantified the
total number of Ki-67-, TUNEL-, and cytokeratin-positive cells (~1,000
cytokeratin-positive cells per section were counted). The frequency of
ductal cell replication and apoptosis in each animal was presented as a
total number of TUNEL- or Ki-67-positive cells per total number of
cytokeratin-positive cells.

Analytical procedures. Plasma glucose concentrations were measured by
the glucose oxidase method (Glucose Analyzer 2; Beckman, Fullerton, CA).
Plasma insulin was measured using competitive colorimetric enzyme-linked
immunosorbent assay (Alpco Diagnostics, Salem, NH). Plasma glucose spe-
cific activity, hepatic glucose production, and glucose disposal was calculated
as previously described in detail (10). Disposition index was calculated as the
product of first-phase insulin secretion during the hyperglycemic clamp
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FIG. 3. A: Examples of islets stained for insulin (pink) and replication marker Ki-67 (brown) and nuclear stain hematoxylin (blue) imaged at 20 x.
B: Frequency of B-cell replication in wild-type (WT') rats (n = 7), HIP rats (n = 8), HIP rats treated with gitagliptin (HIP+SIT; n = 8), HIP rats
treated with metformin (HIP+MET; n = 9), and HIP rats treated with combination therapy (HIP+SIT+MET; n = 8). C: Examples of islets stained
for insulin (green) and apoptosis marker (TUNEL; red) and nuclear stain (DAPJ; blue) imaged at %20. D: Frequency of pB-cell apoptosis in
wild-type rats (r = 7), HIP rats (n = 8), HIP rats treated with sitagliptin (n = 8), HIP rats treated with metformin (n = 9), and HIP rats treated
with combination therapy (r = 8). Data are means + SE. *P < 0.06 vs. wild type, HIP, and HIP plus metformin. Arrows indicate examples of
insulin-positive Ki-67 and TUNEL-positive cells. (A high-quality digital representation of this figure is available in the online issue.)

(expressed as pmol] + min) and insulin sensitivity determined by mean
glucose infusion rates (expressed in mg * kg~! - min~’) required to maintain
euglycemia during the hyperinsulinemic-euglycemic clamp.

Statistical analysis. Statistical analysis was performed using ANOVA with
Fisher's post hoc test where appropriate. Regression analysis was performed
using Statistica (version 6; Statsoft, Tulsa, OK). Data in graphs and tables are
the means * SE. Findings were assumed to be statistically significant at £ <
0.05.

RESULTS

Blood glucose concentrations, body weight, and food
intake. Prior to initiation of high-fat diet, blood glucose
was comparable (105 = 4 mg/dl) in wild-type and HIP rats
(Fig. 1A). After 12 weeks of high-fat diet, plasma glucose
increased to 209 £ 12 mg/dl in HIP rats but was unchanged
(108 = 3 mg/dl) in wild-type rats. Both metformin and
sitagliptin alone had a comparable effect on restraining
this increase in blood glucose concentration in HIP rats
(increased to 154 = 7 vs. 209 = 12 mg/dl, P < 0.05),
whereas the combination of sitagliptin and metformin had
a synergistic effect (increased to 138 * 8 vs. 209 + 12
mg/dl, P < 0.01). Weight gain on the high-fat diet was
comparable in wild-type (from 312 =* 5 to 628 = 30 g) (Fig.
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1B) and untreated HIP rats (from 291 = 10 to 639 + 14 g)
(Fig. 1B) but was ~10% less in either sitagliptin- or
metformin-treated HIP rats (P < 0.05) (Fig. 1B) and ~15%
less in HIP rats treated with combination therapy (P <
0.05) (Fig. 1B). Food intake was decreased in HIP rats
treated with metformin (~10%, P < 0.05 vs. HIP) (Fig. 1C)
and with both metformin and sitagliptin (~20%, P < 0.05
vs. HIP) (Fig. 10).

-Cell mass, replication, and apoptosis. -Cell mass
was ~70% decreased in untreated HIP versus wild-type
rats on high-fat diet (8.4 + 1.3 vs. 25.6 = 2.1 mg, P < 0.05)
(Fig. 2) as a consequence of increased p-cell apoptosis, as
previously reported (12). Sitagliptin therapy alone led to
preservation of B-cell mass compared with untreated HIP
rats (8.4 = 1.3 vs. 16.6 = 2.5 mg, P < 0.01) (Fig. 2). In HIP
rats treated with metformin alone, (-cell mass was not
significantly different from untreated HIP rats (8.4 = 1.3
vs. 11.6 = 1.3 mg, P = 0.24 for HIP rats vs. HIP rats given
metformin) (Fig. 2), but those treated with combination
therapy of sitagliptin and metformin had even better
preservation of B-cell mass than those treated with sita-
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gliptin alone (8.4 *+ 1.3 vs. 19.7 = 2.4 mg, P < 0.001 for HIP
rats vs. HIP rats given sitagliptin plus metformin) (Fig. 2).
The frequency of B-cell replication quantified by Ki-67
was increased by sitagliptin alone (0.2 = 0.1vs. 0.6 = 0.1%
for HIP rats vs. HIP rats given sitagliptin, P < 0.05) (Fig. 34
and B) and by combination therapy (0.2 = 0.1 vs, 0.5 =
0.1% for HIP rats vs. HIP rats given sitagliptin plus met-
formin, P < 0.05) (Fig. 34 and B). In contrast, metformin
alone had no discernable effect on B-cell replication.
Sitagliptin treatment alone decreased the frequency of
B-cell apoptosis in HIP rats by ~55% (P < 0.05) (Fig. 3C
and D). Metformin treatment alone was even more effec-
tive at decreasing B-cell apoptosis in HIP rats (by ~75%,
P < 0.05) (Fig. 3C and D), whereas sitagliptin and met-
formin in combination had an action to suppress B-cell
apoptosis that was comparable to that of metformin alone
(Fig. 3C and D).
Insulin sensitivity. The impact of metformin and/or
sitagliptin on insulin sensitivity was evaluated in HIP rats
by hyperinsulinemic-euglycemic clamp and the isotope
dilution technique. As expected, the high-fat diet induced
insulin resistance in both wild-type and HIP rats (Fig. 4).
Insulin sensitivity, assessed by the mean glucose infusion
rates during the hyperinsulinemic period, was enhanced
by either metformin (142 + 14 vs. 5.3 = 1.5 mg - kg™ ' -
min~!, P < 0.001) (Fig. 4 and supplemental Table 1, which
is available in an online appendix at http:/diabetes.
diabetesjournals.org/cgi/content/full/db09-0068/DC1)  or
sitagliptin (114 = 1.7vs. 5.3 + 1.5 mg - kg ' *min ', P <
0.01) therapy alone compared with high-fat diet HIP rats,
and in combination they had a slight additive effect (15.6 =
1.1vs. 5.3+ 1.5mg-kg ' min~!, P < 0.001). In the fasting
state, isotopically measured hepatic glucose release was
approximately twofold greater in HIP versus wild-type rats
(97 + 14 vs. 51 * 1.3 mg - kg'! - min~!, P < 0.05)
(supplemental Table 1). In contrast, metformin alone or in
combination with sitagliptin led to a ~40% suppression of
fasting hepatic glucose release in HIP rats, whereas sita-
gliptin alone had no measurable effect on hepatic glucose
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release in the fasting state in HIP rats (supplemental Table
1). With insulin stimulation during the hyperinsulinemic-
euglycemic clamp, hepatic glucose release in HIP rats was
suppressed minimally compared with wild-type rats (7 vs.
100% for HIP vs. wild-type, P < 0.05) (supplemental Table
1), confirming marked hepatic insulin resistance. Met-
formin alone or in combination with sitagliptin partially
restored hepatic insulin sensitivity in HIP rats, as indicated
by ~60% suppression of hepatic glucose release during the
hyperinsulinemic clamp (supplemental Table 1). Insulin-
stimulated glucose disposal tended to be ~30% higher in
all three drug-treated groups compared with nontreated
HIP rats. The slightly decreased weight gain in the met-
formin- and sitagliptin-treated HIP rats may have contrib-
uted to the increased insulin sensitivity with each of these
therapies.

B-Cell function. Glucose-mediated insulin secretion (ex-
amined by hyperglycemic clamp) was markedly attenu-
ated in HIP compared with wild-type rats on a high-fat diet
(648 * 141 vs. 5,423 + 480 pmol/l - min, P < 0.05) (Fig. bA).
There was no significant enhancement of first-phase (Fig.
BA) or second-phase (data not shown) glucose-mediated
insulin secretion in HIP rats treated with sitagliptin or
metformin alone when considered independently of insu-
lin sensitivity. However, taking insulin sensitivity into
account in the calculated disposition index (Fig. 5B),
glucose-mediated insulin secretion in HIP rats was com-
parably enhanced by either metformin or sitagliptin alone,
and in combination these drugs had a synergistic action to
further enhance the disposition index (P < 0.05 for HIP
rats vs. HIP rats given sitagliptin plus metformin) (Fig. bB).
Glucose-potentiated arginine-stimulated insulin secretion
was also markedly attenuated in HIP versus wild-type
rats (3,077 * 528 vs. 8,809 = 1,179 pmol/l, P < 0.05)
(Fig. 5C), and again there was no appreciable benefit
from either sitagliptin or metformin independently or in
combination on this metric (Fig. 5C), which is generally
considered a surrogate of B-cell mass (25). It is there-
fore of interest to note that the glucose-potentiated
arginine-elicited first-phase insulin response did not
reflect B-cell mass (Fig. 5D) in metformin- and/or sita-
gliptin-treated HIP rats.

Pancreatitis in an HIP rat treated with sitagliptin.
The focus on the exocrine actions of sitagliptin arose as a
consequence of an unexpected observation of marked
necrotizing pancreatitis in one of eight rats treated with
sitagliptin (Fig. 6 and supplemental Figs. 1 and 2). The
region of pancreatitis was apparent as a mass of ~2 cm
and histologically characterized by hemorrhagic necrosis,
fibrosis, inflammatory cell infiltrate, and areas of ductal
metaplasia (supplemental Figs. 1 and 2) (26-30). Although
pancreatitis was present in 1 of 8 HIP rats treated with
sitagliptin, it was not detected in any of the 17 HIP rats not
treated with sitagliptin (Table 1) or any of the 89 HIP rat
pancreases reported previously (7,10,12). Given this unex-
pected finding, we evaluated all the pancreases from this
study for ductal metaplasia and increased ductal turnover,
characteristics frequently present in pancreatitis in hu-
mans (29-31).

Ductal metaplasia. Ductal metaplasia was present in a
total of three HIP rats treated with sitagliptin (Table 1).
One of the three sitagliptin-treated HIP rats with ductal
metaplasia also displayed marked pancreatitis (Table 1).
These regions of ductal metaplasia were located both
separate from and adjacent to islets of Langerhans (Fig. 7
and supplemental Fig. 3) and consisted of angulated
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tubular structures, interspersed fibrosis, and inflammatory
cells. In some areas these were adjacent to atrophic acinar
cells (Fig. 7 and supplemental Fig. 3). Ductal metaplasia
was immunoreactive for cytokeratin and Ki-67 (Fig. 84),
indicating a high rate of cell turnover. Furthermore, meta-
plastic areas included numerous fibroblasts (by morphol-
ogy and fibrinectin immunoreactivity) (Fig. 88) and were
absent of PDX-1 expression (Fig. 8C).

Ductal cell turnover. Ductal replication quantified by
Ki-67 immunoreactivity was increased fourfold in un-
treated diabetic HIP rats versus wild-type controls (0.6 *
0.2 vs. 2.5 * 0.3%, P < 0.05) (Figs. 9 and 10A). Sitagliptin
treatment led to an additional three-fold increase in the
frequency of ductal cell replication versus untreated HIP
rats (2.5 * 0.8 vs. 7.3 = 0.7%, P < 0.05) (Figs. 9 and 10 and
supplemental Fig, 4) and a 12-fold increase compared with
wild-type rats. Intriguingly, metformin treatment abro-
gated the effects of sitagliptin on ductal cell proliferation
(7.3 £ 0.7 vs. 1.4 = 0.6%, P < 0.05 for HIP rats given
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sitagliptin vs. HIP rats given sitagliptin plus metformin)
(Figs. 9 and 10A). The frequency of ductal replication was
positively correlated with fasting blood glucose concen-
tration, with an apparent continuum between wild-type
and HIP rats (Fig. 10C), with the sitagliptin-only—treated
group displaced to a higher slope (Fig. 10C). Addition of
metformin to sitagliptin restored the frequency of ductal
replication to the same relationship with fasting glucose
concentrations observed in rats not exposed to sitagliptin
(Fig. 100).

GLP-1 receptor, PDX-1, and insulin expression in
exocrine ducts. As previously reported (32), GLP-1 re-
ceptors were expressed in pancreatic ducts, but with no
differences between treatment groups (supplemental Fig.
5). PDX-1- and insulin-positive ductal cells were observed
after sitagliptin treatment in HIP rats (supplemental Fig.
6A). Although most B-cells were present within well-
defined islets, occasional individual B-cells were present
scattered in the exocrine pancreas. These scattered 3-cells
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FIG. 6. Necrotizing pancreatitis in a HIP rat treated with sitagliptin for 12 weeks. A: Representative image at X2 magnification of the exocrine
pancreas stained for hematoxylin and eosin from an HIP rat treated with sitagliptin for 12 weeks with necrotizing pancreatitis. Note partially
preserved lobular configuration of the exocrine pancreas; however, note the significant loss of acinar cell density and the widening of the septae
(arrow) as well as a complete loss of acinar cells in some areas (circle). B: Representative image at X 4 magnification. At this higher magnification,
septal fibrosis and inflammation (arrows) are better appreciated as well as partial and complete loss of acinar cells (circle). C: Representative
image at 20 magnification. At this magnification, acinar cell injury and angulated tubular ductal structures within the acini are clearly seen
(circle). Note the extensive septal inflammation and fibrosis (*). D: Representative image at x40 magnification. At this higher magnification,
angulated tubular ductal structures and surrounding tissue fibrosis are better appreciated. (A high-guality digital representation of this figure
is available in the online issue.)

were approximately sixfold more abundant in sitagliptin- tered B-cells was also increased in metformin-treated
treated compared with untreated HIP rats (P < 0.05) animals, but not in animals that received combination
(supplemental Fig. 6B). Interestingly, the number of scat- therapy of sitagliptin plus metformin.

TABLE 1
Incidence of pancreatitis, ductal metaplasia, and increased ductal turnover by group

Wild type HIP HIP + SIT HIP + MET HIP + SIT + MET
Number studied 7 8 8 9 8
Pancreatitis 0 0 1 0 0
Ductal metaplasia 0 0 2 0 1
Increased ductal proliferation* — 4 8 2 1

Data are n. *Increase in ductal cell proliferation was defined as an increase in ductal proliferation 3 SDs above the mean of wild-type rats.
HIP + MET, HIP rats treated with metformin; HIP + SIT, HIP rats treated with sitagliptin; HIP + SIT + MET, HIP rats treated with
combination therapy.
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FIG. 7. Extensive ductal metaplasia in HIP rats treated with sitagliptin for 12 weeks. A and B: Representative images at X10 magnification of
ductal cell metaplasia observed in a rat treated with sitagliptin for 12 weeks, Metaplastic regions consisted of angulated tubular structures,
interspersed fibrosis, and inflammatory cells and were located both adjacent to islets of Langerhans (*) as well as separated from islets (cirele).
C: Representative image at x20 magnification. At this higher magnification, an apparent transition from intact acinar cells to damaged/atrophic
acinar cells to angulated tubular ductal structures is seen. D: Representative image at x40 magnification. At this magnification the presence of
extensive angulated tubular ductal structures and surrounding tissue fibrosis within the metaplastic region is better appreciated. (A high-quality

digital representation of this figure is available in the online issue.)

DISCUSSION

Our primary objective was to establish whether metformin
or sitagliptin alone and in combination favorably modified
disease progression in the HIP rat model of type 2 diabe-
tes. Although loss of B-cell mass in the HIP rat was slowed
by this combination therapy, unexpected adverse actions
on the exocrine pancreas were also observed.

Metformin has been shown to delay type 2 diabetes
onset in humans (13). Because enhanced insulin sensitiv-
ity through lifestyle changes also delays diabetes (13), at
least part of the protective effect of metformin may be
mediated by metformin’s actions to enhance hepatic insu-
lin sensitivity through its actions on AMP-activated kinase
(33). Metformin decreased B-cell apoptosis in isolated
human islets from patients with type 2 diabetes (34). In the
current study, metformin was more effective than sitaglip-
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tin in reducing B-cell apoptosis in the high-fat diet —fed HIP
rat. Although sitagliptin alone also suppressed B-cell
apoptosis, there was no added benefit of sitagliptin on
metformin-mediated suppression of B-cell apoptosis.
Sitagliptin enhanced B-cell replication in HIP rats, consis-
tent with prior studies of GLP-1- and GLP-1 mimetic-
induced B-cell replication in a variety of murine models
(14,15,32). The benefits of sitagliptin and/or metformin on
B-cell mass and function reported here may have been
mediated by either direct effects of the drugs on -cells or
indirectly by their actions to lower blood glucose. Hyper-
glycemia can contribute to both loss of B-cell mass by
increasing B-cell apoptosis and/or loss of B-cell function
(35). The current study was designed to examine effects of
sitagliptin and metformin treatment in an in vivo model of
type 2 diabetes, with the advantage of best approaching
actions in humans with type 2 diabetes, but with the
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limitation of precluding distinction between direct and
indirect effects of drugs on B-cell mass and function.

GLP-1-mediated increased B-cell replication has to be
interpreted with caution. Juvenile rodents, in common
with juvenile humans, have a period of postnatal expan-
sion of B-cell numbers mediated by B-cell replication
(36,37). Such studies (including this one) in relatively
young rodents have exposed B-cells to increased GLP-1
when they remain replication competent. Recent studies
have demonstrated that the capacity for new p-cell forma-
tion through B-cell replication is attenuated in adult ro-
dents after epigenetic modifications of B-cells, and thus,
not surprisingly, older rodents do not exhibit the same
GLP-1-mediated B-cell replication as that observed in
juvenile rodents (38,39). It is perhaps not surprising that
under conditions of increased GLP-1 secretion (post-
gastric bypass) in humans, despite earlier predictions (40),
neither B-cell replication nor the fractional area of pan-
creas occupied by B-cells was increased (41). Likewise,
long-standing exposure of nonhuman primates to the
GLP-1 mimetic exenitide was reported to not increase
B-cell mass (42). Because the incremental effect of sita-
gliptin on metformin to preserve B-cell mass in the current
study appeared to be mediated through its action to foster
B-cell replication, it is possible that no such added benefit
would be present in humans.

The unexpected finding of hemorrhagic pancreatitis in
one of the sitagliptin-treated rats prompted further analy-
sis of the exocrine pancreas in this study. We report
increased ductal proliferation in all sitagliptin-treated rats
that were not also treated with metformin. We also noted
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FIG. 8. Extensive ductal metaplasia in sitagliptin-treated HIP rats is
characterized by increased ductal cell turnover, tissue fibrosis, and
absence of PDX-1 expression. A: Representative image at X20 magni-
fication of ductal cell metaplasia in an HIP rat treated with sitagliptin
for 12 weeks stained for ductal cell marker (cytoKeratin; greem),
replication marker (Ki-67; red), and nuclear stain (DAPI; blue). The
extent of ductal cell replication within metaplasia is highlighted by
coexpression of cytokeratin and Ki-67 immunoreactivity shown in the
insert. B: The same area of ductal metaplasia was stained for ductal
cell marker (cytokeratin; green), fibroblast marker (fibrinectin; red),
and nuclear stain (DAPI; blue). C: The same area of ductal cell
metaplasia stained for ductal marker (cytokeratin; green), PDX-1
(red), and insulin (blue). (A high-quality digital representation of
this figure is available in the online issue.)

ductal metaplasia in three sitagliptin-treated rats, one of
which was also treated with metformin. Increased ductal
proliferation and ductal metaplasia are well-recognized
components of pancreatitis in humans (29-31), and they
therefore offer a plausible mechanism for the GLP-1-
induced pancreatitis reported in humans treated with the
GLP-1 mimetics exenatide or liraglutide (22,23). Ductal
GLP-1 receptor expression was not altered in any of the
treatment groups. It cannot be assumed that the actions of
sitagliptin to induce exocrine (or endocrine) pancreatic
changes are mediated through GLP-1 because other regu-
latory peptides are also degraded by DPP-4 (43). Further-
more, we cannot rule out direct actions of sitagliptin on
the exocrine pancreas. However, because pancreatitis has
also been reported in humans treated with GLP-1 agonists
(22,23), it seems likely that the exocrine effects of sitaglip-
tin treatment reported here are a consequence of in-
creased GLP-1 concentrations.

Perhaps of most concern, increased ductal cell turnover
and ductal metaplasia are also well-characterized risk
factors for pancreatic ductal cancer (31,44,45), as is pan-
creatitis (46). As yet, no increase in pancreatic cancer has
been reported in patients treated with GLP-1 mimetics or
DPP-4 inhibitors. However, these drugs have only been
available for a relatively short period of time. Any influ-
ence that GLP-1-based therapy might have to increase the
incidence of pancreatic cancer through chronically in-
creased ductal cell turnover would be expected to take
several years. The incidence of colon carcinoma associ-
ated with chronic epithelial replication and regeneration in
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FIG. 9. Ductal cell replication is increased in HIP rats treated with sitagliptin for 12 weeks. Representative images at X20 magnification of
exocrine ducts stained for cytokeratin (green), replication marker Ki-67 (red), and nuclear stain (DAPI; blue) in wild-type control rats, diabetic
HIP rats, HIP rats treated with sitagliptin, or HIP rats treated with combination therapy. *Examples from sitagliptin-treated rats represent
metaplasia and pancreatﬂ:ls—free areas of the exocrine pancreas. Arrows indicate cytokeratin/Ki-67-positive cells, (A high-quality digital

representation of this figure is available in the online issue.)

the setting of inflammation in ulcerative colitis starts to
increase 8-10 years after disease onset (47).

The current study may also shed some light on the
increased incidence of pancreatitis and pancreatic cancer
in patients with diabetes. Although pancreatitis or pancre-
atic cancer can lead to diabetes (48), epidemiological
studies imply that the converse may also be true (49--52).
Exocrine pancreatic insufficiency and pancreatitis are
common in both autoimmune-mediated type 1 and type 2
diabetes (48,563). In the current study, we noted increased
ductal turnover in the HIP rat related to plasma glucose
concentrations (Fig. 10C). This implies that hyperglycemia
per se may be sufficient to induce increased ductal cell
turnover. While controversial, it has been proposed that
there may be attempted B-cell regeneration in diabetes
from progenitor cells that are proximate to, or within,
pancreatic ducts (54).

Moreover, it has been proposed that GLP-1-based ther-
apy enhances B-cell formation by increasing {3-cell trans-
differentiation from these putative duct-related stem cells
(14,32). The action of sitagliptin treatment alone to in-
crease ductal replication, apparently still in a glucose-
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sensitive manner but at a higher set point, is consistent
with a complimentary interaction between glucose and
GLP-1 concentrations to activate ductal cell proliferation.
The observed PDX-1- and insulin-positive ductal cells in
sitagliptin-treated HIP rats support this postulate.

An intriguing finding in the current study is the fact that
addition of metformin to sitagliptin prevented the sitaglip-
tin-mediated increase in ductal replication. Because met-
formin therapy has been shown to increase GLP-1 levels in
some studies (55), the action to counter sitagliptin-medi-
ated increased ductal replication is presumably indepen-
dent of GLP-1. It is possible that the effect was mediated
indirectly through metabolic actions of metformin to en-
hance insulin sensitivity or decrease blood glucose con-
centrations (56). Alternatively, metformin might act
directly on ductal cells to suppress proliferation. Antipro-
liferative effects of metformin have been reported in
prostate cancer cell lines and explanted prostate cells in
mice (57). Recent epidemiological studies have revealed
that metformin therapy is associated with a reduced
incidence of cancer, including pancreatic cancer (58). The
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FIG. 10. Increased ductal cell turnover in HIP rats treated with
sitagliptin. Quantification of ductal cell replication (4) and apoptosis
(B) in wild-type rats, HIP rats, and HIP rats treated with either
sitagliptin (HIP+SIT), metformin (HIP+MET), or combination ther-
apy of sitagliptin and metformin (HIP+SIT+MET) for 12 weeks. C:
Regression analysis of the relationships between ductal cell prolifera-
tion versus fasting plasma glucose. Note that ductal cell replication in
sitagliptin-treated rats was quantified only in metaplasia and pancre-
atitis—free areas of the exocrine pancreas. *P < 0.056.

latter might be a consequence of the metabolic actions
and/or the direct antiproliferative effects of metformin.

It is unknown whether sitagliptin actions on ductal
turnover and/or induction of ductal metaplasia observed in
the HIP rat extends to humans. It is plausible that these
effects are restricted to the rat. It will be important to
address this in pancreata, when available, from humans
with type 2 diabetes who have been treated with GLP-1
mimetic therapy. Because the action of sitagliptin to
increase ductal turnover was dependent on hyperglyce-
mia, GLP-1 mimetic treatment on the exocrine pancreas in
nondiabetic animal models, as used in classical toxicology
screening studies, would presumably miss this effect and
its potential long-term adverse consequences.

In summary, sitagliptin, and metformin, had synergistic
effects on preserving B-cell mass in the HIP rat model of
type 2 diabetes. Metformin was most effective at suppress-
ing B-cell apoptosis. Sitagliptin fostered increased B-cell
replication, but this is likely of limited benefit in adult
humans. Of concern, we noted pancreatitis in one, ductal
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metaplasia in three and increased ductal turnover in all
sitagliptin-treated HIP rats. Because the apparent adverse
effects of GLP-1 mimetic therapy are at least to some
extent offset by concurrent use of metformin, it is perhaps
judicious to use GLP-1 mimetic therapy (including DPP-4
inhibiters) only in addition to metformin until potential
long-term adverse effects of GLP-1-based therapy on
exocrine pancreas can be ruled out in humans with
diabetes.
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